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Dedication
This thesis and all the work, time, stress, thoughts, and
energy involved in its creation and completion is dedicated
to "the flow," that intangible nebulous concept,
construction, cliche, or thing in the universe that ifyou just
go with, usually takes care of things.
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I hope you understand
When it's done and over
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Playin'. . . Playin' in the Band
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Some folks look for answers
Others look for fights
Some folks hug the tree tops
just to look to see the sights
I can tell the future
Just look what's in your hand
I can't stop for nothin'
I'm just playin' in the Band
Playin'. . . Playin' in the band
Playin' like a wave upon the sand ...
-Grateful Dead
Thank God way up in Heaven
For whatever it is worth,
Thought He'd have a big ol' party
Thought he'd call it Planet Earth
-Grateful Dead
She said a good day ain't got no rain,
A bad day is when I lie in bed
and think of things that might have been.
-Paul Simon
Where I beheld three hellish Furies Rise
Erect at once, with clotted blood embrowned:
Women they seemed in body and guise,
But greenest hydras girded them around,
And homed snakes they had instead of hair;
With vipers were their savage temples bound.
-Dante's Inferno, Canto 9
I think I'll go where the wind don't blow so strange
Maybe off on some high cold mountain range ....
-Grateful Dead

"This," he said, handling it," is a stone, and within a
certain length of time it will perhaps be soil andfrom the soil it
will become plant, animal, or man. Previously I should have said:
This stone is just a stone; it has no value, it belongs to the world
ofMaya, but perhaps because within the cycle of change it can
also become man and spirit, it is also of importance. That is what
I should have thought. But now I think: This stone is stone; it is
also animal, God and Buddha. I do not respect and love it
because it was one thing and will become something else, but
because it has already long been everything and always is
everything. I love it just because it is a stone, because today and
now it appears to me a stone. I see value and meaning in each
one of its fine markings and cavities, in the yellow, in the gray, in
the hardness and the sound of it when I knock it, in the dryness
or dampness of its surface. There are stones that feel like oil or
soap, that look like leaves or sand, and each one is different and
worships Om in its own way; each one is Brahman. At the same
time it is very much stone, oily or soapy, and that is just what
pleases me and seems wonderful and worthy of worship. But I
will say no more about it. Words do not express thoughts very
well. They always become little different immediately after they
are expressed, a little distorted, a little foolish. And yet it also
pleases me and seems right that what is of value and wisdom to
one man seems nonsense to another."
SIDDHARTHA
Herman Hesse
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ABSTRACT
A high resolution stratigraphic study of the Terminal Proterozoic (ca 549 Ma)
Hoogland Member of the Kuibis Subgroup, Nama Group, Namibia, revealed the
controls on overall carbonate ramp platform morphology in a storm-dominated
foreland basin setting. It was found that a generalized suite or class of physical
processes that act to restore the seafloor to a relatively flat state by sweeping sediment
from the highs and deposit in the lows does not allow for the continued inheritance
and propagation of relief between sedimentary "elements" (e.g. laminae, bed, bedset)
or larger scale "entities" (e.g. parasequences, systems tracts, depositional sequences).
This damping of topographic elements on the seafloor was found to act at a variety of
temporal and spatial scales from the sub-annual and sub-meter laminae and facies
scale, through the Milankovitch band and meter-scale of parasequences up to the
millions of years and scores to hundreds of meters of a depositional sequence. At the
meter-scale, bioherms at the base of the studied stratigraphic interval are shown to
have been covered and smothered by heterolithic interbeds of shale and fine grained
carbonate mud-dominated facies. Facies-scale microbial laminites are shown to
posses paleogeographic dip position-dependent centimeter-scale roughness elements
that increase in roughness downdip. Relief produced along the tops of laminae is
damped out by an overlying sediment rich layer suspended by storms or produced as
whitings in the water collumn.
Lateral extents of carbonate capped parasequences were found to vary as a
function of position within a systems tract or genetic (accomodation) cycle. Late
transgressive parasequences are found to be more extensive than those deposited
during early transgressive and late highstand conditions due to the presence of
basinward thickening shale wedges at their bases. This accommodation space-filling
shale acted to decrease the slopes on the platform and allowed the influence of storm
wave and current induced seabottom shear stresses to act over a greater area. The
presence of a basinward accommodation-filling sediment source evidenced in the
basal shale wedges of this foreland basin setting precluded the development of a steep
sided rimmed shelf edge. A self-reinforcing ramp profile was maintained despite the
fact that thrombolitic and stromatolitic reef forming organisms and processes were
present.
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Chanter 1: I ntroduction S ieeet
INTR ODUCTION
The stratigraphic record of geologic processes acting at and below the surface of the
Earth spans temporal and spatial scales well over five orders of magnitude. Each scale preserves
possibly distinct physical processes, with their characteristic length and time scales, acting to
create the observed stratigraphy within an evolving sedimentary basin. Craton scale sequences
(Sloss, 1963) - kilometers thick, extending laterally for thousands of kilometers, and deposited
over hundreds of millions of years - record tectonic and eustatic regimes related to global
geodynamic processes of mantle convection, continental assembly and breakup (Bond, 1984;
Burgess and Gurnis, 1995; Pitman, 1978). At the other end of the spectrum is the individual bed
or, smaller still, its constituent laminae (Campbell, 1967) that may preserve the seabottom
shearstress state during a storm event lasting only hours (e.g. Ager, 1974; Aigner, 1985; Myrow
and Southard, 1996) or the diurnal growth of a benthic microbial community (Aitken, 1967;
Burne and Moore, 1987; Riding, 2000; van Gemerden, 1993). At intermediate time scales the
eustatic oscillation of sealevelrelated to continental glaciation in greenhouse and icehouse
periods (Fischer, 1984) can control stratigraphic stacking patterns (Lehrmann and Goldhammer,
1999; Read, 1999), as can dynamic topography induced by mantle convection (Burgess and
Gurnis, 1995),
These geologic processes (and many others) that act across all these spatial and temporal
scales convolve to produce the characteristically complex stratigraphic architecture within
sedimentary basins. Carbonate platforms are particularly sensitive to variations in these
processes, thus proving themselves as highly effective recorders of physical, chemical, and
biologic proxies of environmental change during deposition (Grotzinger, 1989b; Grotzinger and
James, 2000; Tucker and Wright, 1990; Wilson, 1975).
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The suites of physical and chemical processes acting to create a particular body of rock that
contains unique or otherwise characteristic sedimentologic attributes are preserved as the
differing facies within carbonate platforms. The instantaneous distribution of
paleoenvironments on the seafloor results in specific lateral facies associations, reflecting a
complex suite of interacting physical and biological processes. Over time these different
depositional environments will come and go, and migrate across the platform in response to
forcing by relative sea level change, in turn driven by changes in eustacy, differential subsidence
due to compaction and tectonics, sediment flux, and transport under storm-dominated conditions
(Handford and Loucks, 1993; Harris et al., 1999; Hunt et al., 1995; Hunt and Harris, 1999;
Kendall and Schlager, 1981; Read, 1985; Sarg, 1988; Tada and Siever, 1986; Weller, 1959;
Wilson, 1975). Changes in relative sealevel influence such factors as sediment production, and
the physical processes acting at any given location through the changes in depth-dependent
shear-stresses felt along the seafloor. The stratigraphic architecture of a platform is the
cummulative sum, or integral, of these changes in relative sea level and the associated resulting
facies architecture.
The construction of facies models from well exposed carbonate platforms is an effective
and essential tool for understanding the long term evolution of carbonate platforms, (Grotzinger,
1989; Grotzinger and James, 2000; Read, 1982; Read, 1985; Tucker and Wright, 1990; Wilson,
1975). Study of carbonate platforms has provided insight into the evolution and interaction of
the Earth's oceans, atmosphere, and biosphere through the chemical and physical process proxy
records embedded within their sediments (Grotzinger, 1989; Grotzinger, 1990; Grotzinger and
James, 2000). These previous studies provide a working conceptual framework in which to
incorporate additional data and insight regarding the processes which influence platform
development.
- -=RX.-IS. Di enedetto
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Carbonate Platform Morphology
When the migration of these facies belts is preserved over geologic time scales (ca
Millions of years) their geologic records of presence and absence in any given area are found in
the rocks and surfaces that make up the specific stratigraphic architecture of a platform. The
overall shape of the platform which the architecture preserves commonly exhibits two
morphologies. These morphologies result not only from the specific facies architecture of the
platform, but also this specific architecture is the result of and fundamentally affected by the
platform morphology produced in a complex, long-lived, interplay of the varying multitude of
physical processes acting across the span of scales hinted at above. In other words, the
paleogeomorphology of the seafloor affects the facies distributions observed there, but in kind
these facies distribtions affect the morphology.
Rimmed shelves are relatively flat-topped platforms that possess a steep shelf edge and
transition into adjacent deep-water environments. The shelf edge may be preserved as a reefal
rim facies formed by massive framebuilding skeletal organisms during the Phanerozoic, or
stromatolite reefs in Precambrian times (Ahr, 1973; Read 1985; Grotzinger, 1989). Carbonate
ramps are the other type of platform morphology, characterized by a relatively homoclinal
profile that deepens gradually basinward (Ahr, 1973; Ahr, 1999; Burchette and Wright, 1992;
Read, 1985; Wright and Burchette, 1998). The unique morphologies of these two types of
platforms cause their locations and rates of sediment production to respond differently to similar
changes in sealevel. Though there has been extensive discussion and debate in the literature over
whether particular carbonate platforms represent rimmed shelves vs. ramps, there has been
...............
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comparatively little explanation of the processes responsible for the growth of rims versus the
maintenance of ramps.
The first order controls on the type of platform morphology are known fairly well from
an empirical perspective (Crevello et al., 1989; Dorobek, 1995; Grotzinger, 1989; Read, 1985).
For example, it is well known that ramps are favored over rimmed shelves when carbonate
platforms are developed in foreland basins regardless of geologic age (Read, 1985; Grotzinger,
1989; Dorobek, 1995). However, it is not known how this difference in tectonic setting is
translated to an effect on carbonate platform morphology; little is known regarding the actual
processes which create this morphologic distinction.
The range of physical processes associated with sediment transport and deposition, as
driven by tide and wind-generated currents, is regarded to have been relatively constant over
geologic time, in contrast to the inferred roles of carbonate-regulating organisms and secular
evolution of ocean chemistry (Grotzinger, 1989; Grotzinger, 1990; Grotzinger and James, 2000;
Grotzinger and Knoll, 1999; Pope, 2000; Sumner, 1995). The physics of wind-sea surface
interactions to produce surface gravity waves, and their effect on the generation of basal shear
stresses across the sediment-water interface (as recorded in the physical sedimentary structures
of a particular facies) has been studied broadly by geologists and engineers (Harms, 1969; Harms
et al., 1975; Kinsman, 1984; Lamb, 1945; Sorby, 1976; Southard, 1991; see Leeder, 1999, for
excellent integration in basin analysis). The creation of surface gravity waves and basal shear
stresses on the sea floor is dependent on the wind velocity, densities of air and sea water, and
gravitational constant. Insomuch as the latter three factors are assumed to have remained
constant for the past 3.5 billion years for which there is a preserved record of carbonate
sedimentation, it is likely that only changes in wind velocity may have influenced the long-term
architecture of carbonate platforms. A similar case can be made for tidal currents, in which the
only factor which may have changed is the strength of the earth-moon tidal pull, driven by the
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earth-moon distance. This has been explored in previous studies of Precambrian tidally-
dominated systems (Chan, 1994; Archer, 1996; Eriksson, 2000) where it is felt that no significant
effect is reflected in the stratigraphic record despite suggestions that the length of the day has
increased steadily throughout earth history.
Because physical processes regulate basal shear stresses on the sea floor they will
fundamentally control sediment partitioning through erosion, deposition, and bypassing. In
carbonate systems, even where in situ growth of reefs may occur, physical processes will control
the mobility of the substrate and inhibit or promote growth of reefs. The issue here is one of
criticality -- if sediment movement is constant, then reefs will not be able to readily able to
nucleate. However, once nucleated, reef growth is increasingly difficult to inhibit unless a
critically large sedimentation event occurs which terminates growth; above some critical limit,
however, sedimentation events will be limited in magnitude, and reef growth can no longer be
terminated through the physical process of sedimentation. The effects of physical processes are
therefore important in controlling platform morphology, but limited in scale in terms of their
importance on controlling overall ramp morphology.
The relative importance of biologically influenced sedimentation and its usual associated
higher sediment accumulation rates is demonstrated in the prevalence of carbonate ramps as the
dominant platform morphology in the aftermath of Phanerozoic mass extinctions (Burchette and
Wright, 1992). It is evident that physical depositional processes were constant throughout the
Phanerozoic, however, when the role of biology was downplayed or minimized, due to the
extinction pressures, ramps dominated. As has been empirically established by Ahr (1973;1998),
Read (1985) and Burchette and Wright (1992) ramps are dominated by physically-deposited
carbonates and a general absence of significant reefs or other strongly biologically controlled
sedimentation.
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Thesis Hypothesis and Organization
Studies of the stratigraphic architecture of carbonate platforms can be conducted at a
broad range of scales, suitable for capturing the similarly broad range of processes which
controlled platform development. The end member at the largest end of the spectrum is the
overall architecture of an entire platform, incorporating all the depositional sequences and
associated systems tracts into one geometric body (e.g. Handford and Loucks, 1993). This is the
scale at which the morphologic distinctions between rimmed shelves and ramps are made (Read,
1985). At the next smaller scale is the architecture of individual depositional sequences,
providing a record of third order sealevel transit recorded by Lowstand, Transgressive and
Highstand Systems Tracts (LST, TST, HST; Vail, 1977; Van Wagoner, 1988; Handford and
Loucks, 1993).
II
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PLATE 1.1: Basin-Scale Figures: A) Simplified geologic map of southern Namibia. Note east-
ward younging exposure of Nama Group foreland basin sequence along southern African
escarpment.
B) Tectonic evolution and setting of Nama Basin during Damara Orogen. The increasing influx
of siliciclastic sediments shed southward onto the Kuibis Platform was the source of sediments
that damped out any topography at the laminae, bed, parasequence, and sequence scale to funda-
mentally control the morphologic evolution of the Kuibis Carbonate Platform. (OL-Oakahanja
Lineament, MA- Matchless Amphibolite Group).
C) Regional stratigraphy of Nama Group north of the Osis arch in the Zaris Subbasin. Note
backstepping carbonate platform of the Kuibis Subgroup; downdip position of large pinnacle reef
at top of a flooding surface; general thinning and onlap of sediments onto the Osis Ridge;
interfingering relationship of basinal Urikos Shale Member.
D) Geologic Map of Naukluft Mountains and Tsarisberge Field Area (boxed).
E) Geologic Map of Tsarisberge Field Area, note farm names, the farms of Zebra River and
Donker Gagne comprised the main area of study, with some sections on Mooi Rivier, Urikos,
Neuras, and Kyffhauser.
F) LANDSAT image of Field area showing section localities. On this false color image bluish
whites are carbonate dominated sediments, of the Kuibis Carbonate Platform, purples and reds
are metamorphic basement in the southwest and reddish orange color is siliclastic sediments of
the Urikos Shale Member to the east and northeast. The prominent white layer exposed at the
river meanders at top center is the prominent "black and tan" dolomitic biostrome marker unit at
the Omkyk - Hoogland Contact. See appendices for measured sections.
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There are many scales of this accommodation change and small parasequence-scale
accommodation fluctuations ("4* & 5th order) superposed on the larger-scale depositional or
genetic sequences ("3rd order") that are in turn placed within the tectonic basinal-scale ("2 nd
order") changes (Mitchum and Van Wagoner, 1991). The processes controlling sequence
development (and their non-unique characterization) has been the subject of intense interest,
study, and controversy since large-scale seismic images of the subsurface became widely
available (starting with the classic Payton, 1977) AAPG Memoir 26 on Seismic Stratigraphy).
The foundations for this work were created much earlier (e.g. Barrell, 1917; Wheeler, 1958)
when the concepts of chronostratigraphic analysis were elucidated through recognition of the
importance of unconformities and their relationship to conformable successions of strata.
The hypothesis which is developed and defended in this thesis proposes that the large
scale geometry of carbonate platforms is the direct result of the depositional morphology of the
platform, which is a function of the integral of all processes acting across a broad range of
temporal and spatial scales. The perpetuation and propagation (or damping) of topography
resulting from short time scale and short spatial scale processes is fundamentally important on
platforms initiating from initially flat surfaces. Once significant depositional relief is attained,
such as on rimmed shelves, even the longest-term, and largest-scale processes are ineffective at
reducing this relief. However, carbonates ramps must reflect constant damping and smoothing
of short term topographic anomalies such that the final platform geometry does not differ
significantly from the starting geometry. Topographic anomalies on carbonate platforms can be
thought of as a sort of dynamic instability (cf. Barabasi and Stanley, 1995); left unchecked, these
perturbations can be exaggerated to form pinnacle reefs, platform rims, and steep or vertical
escarpments.
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This thesis documents the importance of the scale-invariant competition of physical and
biological processes which create platform topography and the physical processes which infill
and damp this topography. At the smallest scale this occurs by sedimentation events that deposit
a layer of sediment with a thickness that is critically large to fill the lows associated with the
rough topography. Topography built at this scale, which escapes the smoothing process, may be
damped across larger scales by downdip infilling by basin-derived wedges of siliciclastic
sediments found as "reciprocal" sediment at the bases of carbonate-capped parasequences. It is
suggested that there is similarity in process between these effects, operative over millimeters and
minutes within individual microbial laminites, to the kilometer and hundreds of thousands to
millions of years preserved in depositional sequences and their constituent parasequences.
Together, they control carbonate platform morphology.
The geologic dataset for this thesis is based upon an exceptionally well exposed
Neoproterozoic carbonate ramp. It preserves the stratigraphic architecture during a critical
transition interval in the history of the evolution of life and environments; specifically, the shift
from microbially- and inorganically-precipitated Precambrian carbonates to the skeleton-
dominated production mechanisms of the Phanerozoic world (Grotzinger, 1989; Grotzinger and
James, 2000). The study provides insight into the growth of a storm-dominated carbonate ramp
that was built, in part, of some of the last, best-preserved subtidal microbial sheet deposits that
predate the widespread appearance of grazing, bioturbating, and substrate-competitive organisms
associated with the early Cambrian radiation of metazoans.
Aside from the environmental record of change associated with the Precambrian-
Cambrian boundary, the field area for this thesis study provides superb exposures for three-
dimensional analysis of facies distributions across a significant range of preserved temporal and
spatial scales. Analysis of individual beds, parasequences, systems tracts, and sequences permits
II
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the construction of a series of high resolution three-dimensional temporal facies models that fully
reflect all these scales. This latter challenge forms the core of this thesis, in which the
relationship between depositional topography and facies is evaluated.
Development and defense of this hypothesis, which requires presentation of the data
according to the multiple length and associated temporal scales discussed above, is accomplished
in three chapters. While each chapter is distinct according to geologic scale, it is related to the
others through the links that naturally exist between these scales; the reader should consider them
in the more holistic process of overall ramp evolution.
Chapter Two provides the documentation of the laminae to bed-scale processes in the
building blocks of the ramp. It contains the facies descriptions and photographic documentation
of the differing textures contained along the studied ramp, followed by a discussion of the
processes responsible for their development. This chapter develops the first part of the thesis
hypothesis, which argues for lamina-scale interactions between upward growth of carbonates
formed in situ to form rough small-scale (millimeters to decimeters) topography, balanced by
damping of that topography by sedimentation events of critically large thickness (i.e., of
thickness great enough to fill in between upward-projecting roughness element) so that a smooth
and relatively flat ramp profile is maintained. The critical issue here is the recognition that this
balance of processes is the result of a competition between two sediment fluxes; that which
occurs in situ, and that which occurs via transport from another source area. Finally, the
generalized Hoogland ramp facies model is presented within this chapter. It is constructed from
lateral tracing of chronostratigraphically important surfaces and marker beds in order to delineate
parasequence stacking patterns.
II
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As with Phanerozoic carbonates, Precambrian carbonate facies show distinct trends in
textures which reflect long-term evolution of ocean chemistry, in addition to evolving influences
of biocalcification (Grotzinger, 1990; Grotzinger, 1989; Grotzinger and Knoll, 1999; Grotzinger
and James, 2000). When confronted with unusual or possibly even unique textures, facies
interpretations must be based on evaluation of the fabric elements in order to determine the
interactions between individual constituent processes that formed the texture (Grotzinger and
Knoll, 1999). The hypothesis presented in this thesis depends mostly on analysis of "physical"
attributes of the texture (including microbialite morphology), which usually can be elucidated
where recrystallization has not obliterated primary fabrics. The challenge here is to reconstruct -
from facies textures - the fundamental competition between the degree of upward growth and
sea-floor roughening by in situ accretion, and the degree of damping of this topography.
II
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Plate 1.2: Outcrop to Thinsection Images of Covering and SmotheringFigure illustrating the
multiple-scales of 'covering and smothering' observed on the Hoogland Platform that is implicat-
ed in fundamentally controlling the morphologic evolution of the platform. Note at each scale
how any relief present is damped out within a few parasequences above the pinchout of the
Lower Grainstone Unit(A), beds (B&C), laminae (C&D), or millimeters (E). The physical pro-
cesses involved at each of these length scales differs widely as do the time scales acting across
these scales required to fully damp out any topography left at the top of a sequence,
parasequence, bed, or laminae. It is this removal of any preexisting topography between sedi-
mentation events (laminae to bed scale) or sedimentary 'entities' (parasequences and sequences)
coupled with the infilling of basinward accommodation that prevents the development and evolu-
tion of the Kuibis Carbonate Platform into a rimmed shelf.
undin
Urikos Shale Member, Schwarzrand Subgroup
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T4: Recolonization/regrowth of community to produce
another darker, rougher laminae
T3: Event related (e.g., whiting, or storm) deposition of
fine to mud sized lighter-colored carbonate sediment that
that "covers and smothers" the microbial mat leaving a
smooth laminae top.
T2: Upwards growth and accretion of Benthic Microbial
Community creating rough top-surface relief of darker
laminae.
T1: Relatively smooth topped calcisiltite laminae that
smothered and damped preexisting micro-topography of
underlying microbial lamina serves as nucleation rz
surface for microbial growth. 0 mm 10
T3: Upon return to optimal reef growth conditions dur-
ing late HST/early TST, surface is nearly horizontal and
no preexisting preferred potentially self-reinforcing
topographic sites for reef nucleation exist.
T2: Cessation of reef growth due to drowning/burial by
clastic carbonate/siliclastic event/pelagic beds during TST
and removal of preexisting topography by sediment
infilli
TI: Nucleation and growth of reefs on top of
grainstone facies in late HST/early TST deposits.
Mound morphology is strongly shaped by hydrody-
namics and bed-friction. ~~
0 m10
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T4-T 1: Flooding occurs and any relief is damped out by the shale of the base of the succeeding parasequence
T3: Carbonate deposition resumes with first thin carbonate 'waftite' deposits of suspended load. Some of the coarser grained
calcisiltites show evidence for depostion under combined flow conditions Shales thin upwards while carbonate lamination thickness,
grainsize, and intraclastic event bed all increase upwards during highstand conditions, times of accommodation decrease, or decreas-
ing rates of amccomodation production (See Plates 3.3.A&S; 3.4.K&L) . Relief along parasequence top is likely set by physical trans-
port processes rather than by biologically influenced processes.
A
T2: Shale deposition commences and covers and smothers any relief produced during previous carbonate deposition.
Presence of shales is from either a true increase in the influx of shales accompanying the transgression and
backstepping seen in the carbonate facies, or the omnipresent pelagic load that can express its recriprocal signal in an
non-carbonate depositing, possibly deeper-water, environment. The shale deposition continues until maximum trans-
gression and, slowing in the rate of accommodation creation, or transition point from increasing to decreasing
accomodation regime.
T1: Cessation of significant carbonate deposition during flooding, backstepping, and accommodation increase in either the rates
of creation, transition from decreasing to increasing regime, or a decrease in sediment supply.
Plate 1.3: Figure to schematically demonstrate the multiple scales of "covering and smothering" invoked to fundamentally control the
evolution of carbonate platform morphology. A) Damping at the smaller-scale in Splotchy Laminites, where the thickness of sedimenta-
tion events (whitings or tempestites) is greater than the characteristic lengthscale of roughness element along the top surfaces of laminae.
B) Meter-scale damping of patch reefs at Omkyk-Hoogland contact, processes acting at this scale are important in determining the loca-
tions of subsequent reefs and other areas of high sedimentation rates. C)Damping at the parasequence scale; it is at these scales that the
battle for platform differentiation into either a rimmed shelf or ramp is waged.
Accomodation
sequence boundary
Sm decreasing
mamum flooding
~11an2 increasing
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Chapter 3 jumps up in scale, dealing with issues related to the development of
parasequences and depositional sequences, formed at vertical scales of meters to decameters, and
lateral scales of kilometers to tens of kilometers. Chapter 3 builds on the millimeter to meter-
scale descriptions presented in the preceeding facies chapter and discusses how the individual
facies are arranged in time and space throughout the range of examined outcrop within the
Hoogland. Again, the creation (or smoothing) of depositional topography and its balancing
forces is the theme. However, in this case the processes involve variations in accomodation
space in addition to the variability in sediment flux as discussed for facies textures in Chapter
Two. Next, five lithostratigraphic units are differentiated based on their dominant assemblages
of facies. The parasequence stacking patterns are then described and discussed, and a sequence
stratigraphic framework is presented. This chapter argues that length scales of storm dominated
carbonate facies within a transgressive accommodation regime vary depending on the amount of
siliciclastic shale at the bases of parasequences. At the parasequence scale, topography is created
by differential carbonate sedimentation, biased toward updip positions, but is damped by the
deposition of deeper-water shales in down dip positions. This mode of "reciprocal
sedimentation" was first described by (Meissner, 1971) for the Permian of west Texas, though at
a much larger scale.
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Plate 1.4:Hoogland Facies Model. Coarse grained clastic carbonates are found to transit downdip along a chronostratigraphic horizon into finer
grained calcarenites, and microbial laminites, see text for further discussion.
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The theme of Chapter 3 is to show that that the architecture of the platform varies as
function of the direction of overall accommodation change. Times of early accommodation
increase, interpreted by parasequence stacking patterns and relative shifts of facies belts are
found to result in steeper wedge-shaped geometries where the up-ramp carbonates thin over a
shorter horizontal length. During later periods of the same transgression the internal architecture
is found to be more sheet-like and individual facies belts exhibit a greater lateral extent due to
aggradation/progradation onto shales sourced from the northern, opposite, orogenic side of the
basin. These basinward-thickening wedges of shales at the bases of parasequences are
interpreted to have filled in basinward accommodation space created by the differential tectonic
subsidence, compaction, and pressure solution to create the lower-angle platform slopes that
enabled later parasequence-capping carbonates to prograde as driven by storm transport
processes.
Furthermore, it also is shown that calcarenitic carbonate deposits are thicker than
temporally equivalent microbial deposits in portions of the ramp where the initial water depths
and therefore potential accommodation space at the commencement of deposition was greater.
The initial amounts of accommodation were determined from the morphology of a prominent
biostrome marker horizon that has been shown to form laterally continuous sheets in updip
positions and patches in downdip positions (Grotzinger, 2000). The filling of potential
accommodation space is shown to occur by granular calcarenitic sediments formed by direct
accretion along an agitated seafloor (Bathurst, 1975; Tucker and Wright, 1990). The relative
stratigraphic accumulation rates (Sadler, 1983), inferred carbonate production mechanisms and
rates as bracketed by chronostratigraphic horizons and preserved in microbial (low initial
accommodation and accumulation rates) versus granular deposits (high initial accommodation
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and accumulation rates) were related to water depth at a time hundreds of thousands to perhaps
millions of years prior to their actual deposition.
Geologic Setting
The Geologic Setting of the Hoogland Member is shown in Plate 1.1. The Nama Group
is interpreted as foreland basin fill (Germs, 1974; Germs, 1983; Germs, 1995; Germs and Gresse,
1991; Gresse and Germs, 1993) related to convergence and overthrusting during the Pan African
Damara Orogen (Miller, 1983). The northern Zaris subbasin is separated from the southern
Witpus Subbasin by the Osis Arch structural high, the forebulge of the basin (Gresse and Germs,
1993). The Zaris Subbasin contains a typical foreland basin stratigraphic sucession,
commencing with the widespread carbonate depostion of the Kuibis Subgroup. The basal
Omkyk member of the Kuibis is a grainstone dominated sucession of trough cross-bedded
limestones and dolomites that contain numerous thrombolitic reef horizons (Grotzinger, 2000)
and several small species of shelly fossil and other metaphytes (Grant et al., 1991; Grotzinger et
al., 2000). The Hoogland member was the focus of this study and preserves the burial and
termination of significant carbonate depostion within the Zaris Subbasin. A prominent and
easily correlatable ashbed within the basal Hoogland member provides an U-Pb zicron
geochronologic age of 548.8 +1 Ma (Grotzinger et al., 1995). Marine siliclastic sediments of the
Schwarzrand Subgroup flysch sequence are overlain by the shallow marine to terrestrial Fish
River Subgroup molasse. Cessation of depostion occurred with the final emplacement of the
Naukuft Nappe Complex (Plate 1.1.D) ca. 470 Ma (Martin et al., 1983; Horstmann et al., 1990).
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Approach and Methods
Facies models, put within a well-contructed stratigraphic framework, provide the basis
for environmental interpretation (Walker and James, 1992). Field-based studies of carbonate
platform facies and stratigraphic architecture provide the classical approach, still widely used
today. However, most studies are limited to analysis of two dimensional or even one
dimensional data and lack a quantitative analysis of the distribution of the particular facies belts.
The potential utility and accuracy of such facies models are greatly increased in those areas
where stratigraphic sequences, their constituent parasequences, and individual beds can be traced
laterally in three dimensions. Investigations of individual platforms and construction of facies
models provide the data points for synthesis of longer-term global trends in carbonate
depositional system evolution (e.g., Grotzinger, 1989).
The approach adopted here has implemented a stratigraphic approach, based on the
elucidation of accommodation history, represented by the interactions between subsidence and
eustacy, as they influence carbonate sediment production, and the redistribution of these and
siliciclastic sediments (Jervey, 1988; Sarg, 1988); Hanford and Loucks 1993; Tucker and
Wright, 1990). Accommodation history within sequences is determined by analysis of
parasequence-scale stacking patterns. Accommodation history within parasequences is
determined through the use of spatial gradients in the degree of facies change based on laminae
top surface roughness, thickness and preserved intensity of intraclastic conglomerate storm event
beds, proportion of shale at parasequence bases and changes in suites of sedimentary structures
within facies (see Chapter 2). Since parasequences are typically defined by marine flooding
surfaces, a high-resolution genetic (e.g.Galloway, 1989) stratigraphic approach is appropriate
(e.g., Mettraux et al., 1999). The flooding surfaces of individual parasequences as well as entire
W11.
Chapter 
1: Introduc 
n
SDiBenedetto
Chn ,-r 1 P Tntrnv1rtrn Th1enitn
stacked sets of flooding interval-bounded genetic units are presented along with the Type III
(Schlager, 1999) sequence boundaries that separate underlying HST deposits from overlying
TST sediments. Trends within the parasequence stacking patterns and significant surfaces
present within each unit are placed into the lexicon and associated framework of sequence
stratigraphy (e.g TST, HST; LST; MFS; etc.) to allow for easier explanation of Hoogland stratal
patterns (see Christie-Blick, 1995; Handford and Loucks, 1993; Sarg, 1988; Van Wagoner et al.,
1988)
Bed tracing conducted during the course of the present investigation allowed
determination of trends in the spatial heterogeneity of carbonate sediment production, transport,
and deposition as they vary along transects extensive enough to capture most major facies
transitions on the ramp. This illustrates how the quantifiable attributes such as thickness of
individual event beds within the same parasequence varies depending on its dip-position,
providing confident correlation of other related, but discontinuous facies.
Numerous measured sections and traced intervals provide a set of quantitative attributes
relating to thicknesses of facies and parasequences, and their lateral continuity and degree of
diachroneity as determined along chronostratigraphic horizons. The relations obtained by
comparison of lateral continuity to thickness (corrected for compaction and pressure solution)
can be analyzed and serve as input data for conceptual stratigraphic models (e.g., Kerans, 1994;
Tinker, 1996), statistically-based models which relate areal extent to thickness (Wilkinson et al.,
1999), and the next generation of process-based stratigraphic forward models (Burgess et al.,
2000; Driscoll and Nittrouer, 1999; Drummond and Dugan, 1999). Superb three dimensional
exposures of the Hoogland platform are provided by the dendritic canyonland topography of the
Tsarisberge field area in south-central Namibia. The quality and extent of these exposures
S i0 ndet
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allows for collection of critical data that can be used to refine or feed these models, which predict
volumes, geometries, and characteristic length scales of facies within individual parasequences.
The foundations for this thesis are based on several kilometers of high-resolution hand
and eye examination of vertical stratigraphic sections. Scores of sections were measured
throughout the field area (Plate 1.1.C) at an approximately 5cm resolution (Plate 3.5). The
undeformed stratigraphy combined with spectacular exposure in the dendritic canyon systems of
the Tsarisberge allows for relatively easy tracing of specific intervals and beds over
uninterrupted lateral distances of tens of km. This ability to unambiguously trace sequences,
parasequences, and their constituent beds over a variety of spatial scales at spacings below the
lengthscale of facies change provides an effective three-dimensional framework in which to
evaluate the processes acting to produce the architecture.
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INTRODUCTION
This chapter is concerned with the smallest scale elements of the Hoogland carbonate
platform construction, specifically the individual facies and how they contribute to controlling
the overall ramp morphology. Emphasis is on hand lens to hand sample-scale description and
interpretations of the individual actual types of rock that are found within the study area and
make up the physical record of the Hoogland ramp. The micro-scale features visible through
petrographic analysis were not the focus of the present study; the processes of cementation and
diagenesis are subordinate to the physically-dominated turbulent near-bed fluid dynamics in the
controlling of evolution of lamina geometry as it relates to larger-scale evolution of platform
morphology. Early cementation and diagenesis undoubtedly influenced physical sediment
transport and erosion processes, as hardgrounds would have formed surfaces of bypass, and early
cementation would have limited the amount of clastic carbonate sediments available for
transport. However, the effects of processes acting below the centimeter scale are believed to be
secondary to the larger scale processes of sediment transport and seabottom reworking by fluid
movements.
Many of the facies found in the Hoogland express evidence that the dominant controls on
the actual sedimentological attributes were physically, rather than biologically controlled. Even
in those sediments that are interpreted to have a strong component of organically induced and
influenced sedimentation (Irregular Laminites and Splotchy Laminites) it is apparent that near-
bed fluid dynamics strongly controlled not only the actual facies types deposited, but also their
internal facies-specific structure and features. Biological processes certainly played a role in
baffling some of the finer grained sediments, and undoubtedly contributed to the precipitation of
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carbonate minerals (Borowitzka, 1977; Chafetz, 1986; Chafetz and Buczynski, 1992; Fairchild,
1991; Feldmann, 1998; Ginsburg and James, 1976; Grant et al., 1991; Grotzinger et al., 2000;
Knoll et al., 1993; Kobluk and Risk, 1977; Lowenstam, 1981; Riding, 1992; Riding, 2000),
however once the sediment was produced, physical sediment transport on this storm-dominated
ramp dominated its morphological development.
This chapter presents and examines the generalized process of "covering and smothering"
where the products of sedimentation events (e.g. tempestites; cf. Ager, 1974; Aigner, 1985;
Aigner, 1982; Einsele and Seilacher, 1982; Myrow and Southard, 1996), whitings (Ball et al.,
1967; Robbins and Blackwelder, 1992; Shinn et al., 1989; Stockman et al., 1967) thicker than the
characteristic length scale of lamina/bed surface roughness fill in and damp preexisting lamina
top surface morphology to preclude the propagation of relief (Plates 1.2 & 1.3). The dynamic
growth of topography at these small scales is critical in the primary establishment of areas with
characteristically higher sedimentation rates. Examination of the processes acting at these small
scales, from which any major platform-shaping buildups must nucleate, provides insight into the
processes that acted to preclude the development of any significant seafloor relief. These suites
of generalized processes act to fill existing relief along the seafloor such that there are no
locations for preferred higher sediment accumulation rates. In turn, this prohibits higher
sedimentation rates, and thus development into reefs and/or steep margins.
Characteristic Length Scales of Platform Architecture
The commonly used term "characteristic length scale" can be thought of as an average or
recurring spatial and/or temporal distance that is found at a given scale of observation. For
example, the characteristic length scales of laminae top-surface roughness of splotchy laminite
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facies discussed below and seen in Plates 2.5 & 2.6 is on the cm-scale. Reference to the damping
of roughness elements with a characteristic length scale greater than the scale of the constituent
roughness elements means that the damping sediment rich laminae (lighter colored in outcrop
photos) are thicker than the average lengths associated with the roughness of the surface. The
greater thickness of this laminae is such that it acts to nearly completely damp out any surface
topography, resetting the sediment water interface to near horizontal. This horizontal surface
does not posses any highspots and therefore locations that are preferential sites for further
upward accretion.
At larger scales of observation, the continual resetting of the sea bottom to horizontal on
meter to kilometer length and annual to interglacial time scales precludes the establishment and
colonization of the seafloor by reefs (as is seen in the lower, 'cleaner water' of the Omkyk
Member), or any other constructional elements or entities that would have characteristically
higher sedimentation (accumulation) rates. The lack of these areas of increased sediment
production, deposition, and cementation over time scales greater than an interglacial period and
spatially over the thickness of "a few" parasequences. The area of higher sedimentation rates
must exist over time scales longer than a Milankovitch band sea level fluctuation, and greater
than the thickness of a few of these individual parasequences. The processes discussed and
demonstrated here are therefore found to operate at a wide variety of temporal and spatial scales
in the controlling of overall ramp morphology, and also the lack of development into a rimmed
shelf.
The role of increasing siliciclastic sediment influx into the basin is also implicated
strongly in the controlling of the platform morphology. Shale thickness at the bases of
parasequences was found to increase upwards, (shown and discussed in chapter 3) and this
increased sediment load would have acted as a filler for any differential topography created
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during the deposition of a parasequence. When carbonate platforms can grow in the absence of
this siliciclastic smothering poisonous influx of particles there is more chance that a preexisting
topographic high could remain throughout the duration of a parasequence. At the
commencement of the succeeding parasequence these highs could serve as continued loci for
selective growth. However when influx of siliciclastic sediment was critically high, this would
act to prevent the propagation of high points that in carbonate dominated successions could serve
as continued locations of high depositional (accumulation) rates.
This process is shown here to operate with increasing influence down dip as the facies
generally become finer, the basal shear stresses decrease, and the top surface roughness of
laminae increases as does the thickness of the relief damping laminae. The basis for this model is
presented below as are the descriptions and interpretations of the facies found within the field
area (Plates 1.1; 1.2; 1.3; 1.4).
GENERAL HOOGLAND FACIES MODEL
Over the scale of examined outcrop within the 30x30 km study area facies are observed
to transit and fine downdip along chronostratigraphic horizons (Plate 1.4). This occurs without
significant break in slope, from shallower-water, highest-energy, grainstone shoals of the upper
ramp into finer-grained calcarenites and then into a variety of depth-dependent, mid- and deeper-
ramp, thin-bedded microbialites. The microbialites are formed by benthic trapping and binding
of fine sediments emplaced by traction processes (mid-ramp) and through suspension fallout
(deeper ramp; Plate 1.4). Two endmember microbialites are distinguished based on the average
calcisiltite laminae thickness, top surface roughness of darker microbially-influenced laminae,
and the relative dip position along the depositional profile. Irregular Laminites (Plate 2.3) are
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found relatively updip in inner to mid-ramp positions and possess thinner laminae with generally
smoother tops than the chronostratigraphically equivalent, thicker-laminated, rougher-topped,
further-downdip Splotchy Laminites (Plates 2.4 & 2.5).
The general depositional dip of the late Omkyk to upper Hoogland ramp is in a northerly
direction. This direction is obtained by mapping the downdip pinchout of the coarse grainstone
facies in the Lower and Upper Grainstone units, as intersected in numerous canyons across the
study area; the paleoshoreline is not observed in the field area, but is considered to run
approximately parallel to the pinchout of the grainstone facies. This general dip direction is
believed to have shifted from a west-northwesterly direction during latest Omkyk deposition to a
north-northwesterly direction by the termination of Hoogland deposition in the Upper Grainstone
unit.
Conceptual Depositional Model
The bed tracing performed in the field was used to constrain and validate a conceptual
model for ramp sediment transport. This model invokes a down-dip decreasing transport
function and associated thinning of calcarenitic and other granular carbonate sediments
accompanied by an increase in the amount of suspended load deposition (Plate 1.4). Deposition
of coarse grainstones and calcarenites is controlled by exponential attenuation of wave energy as
a function of water depth. In this case, along a homoclinally sloped ramp, this attenuation is
believed to be the significant factor in dispersal of sediment into positions of available
accommodation. Essentially, the depth to which storm waves can reach limits accommodation.
Along a down dip transect during a storm of a given magnitude, there would be a predictable
exponential decrease in the basal shear stresses along the seafloor created by ocean waves
moving on shore (Snodgrass et al., 1966). Because of the increase in water depth in the down dip
mii
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direction, the diameter of wave orbits acting on the sea bottom will also decrease, and so will the
competency of the flow for carrying its bedload of ripped-up intraclasts and granular calcarenitic
sized deposits. Once below the critical threshold for sediment deposition, larger intraclasts
followed by granular sediments would be deposited in a down-dip fining sequence that would
continue into the Irregular Microbial Laminites (see IRRL section) on into Splotchy Laminites
deposited mainly under fallout without traction of suspended load. (Plates 2.4; 2.5;, see Splotchy
laminite section).
The fine grained calcisiltite and lime mudstone deposition recorded in the Irregular and
Splotchy Laminites occurs as basal shear stresses fall sub-threshold for a long enough inter-event
duration to allow for the growth of a benthic microbial community and subsequent early
diagenesis to occur. This model, which invokes a decrease in depth of seabottom shear stress,
explains the observed thickening and roughening in individual calcisiltite to calcilutite laminae
interpreted to have been deposited mainly by fallout without traction. This causes the seafloor to
roughen with depth, as observed along chronostratigraphic surfaces spanning updip Irregular
laminites and downdip Splotchy Laminites.
FACIES DESCRIPTIONS
The ability to unambiguously trace individual high frequency sequences within the
Hoogland allows for the precise determination of geologically instantaneous facies and
paleogeographic distributions. This is significant because it shows the relative positions of the
facies along a depositional profile and conclusively demonstrates their relative water depths, and
therefore implied hydrodynamic energy conditions that influenced development of each facies.
The facies are presented according to their paleogeographic position, starting with the coarse
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grainstones found in the most updip, shallowest-water, and highest-energy positions observed in
the study area and extending through to the splotchy laminites in most downdip, deepest water
and lowest energy setting observed in the study area.
Due to the lack of more refined water depth markers such as specific biologic
assemblages or subaerial exposure surfaces, the absolute magnitudes of water depths are
unknown. Uncertainties are highest among the furthest down-dip facies, and decrease up-dip.
However there are still no obvious sedimentologic pinning points on which to base an absolute
water depth estimation within any facies. The entire Hoogland Member is interpreted as
subtidal, due principally to the absence of peritidal facies or subaerial exposure surfaces. This
lack of subaerial exposure is consistent w/ rapid subsidence rates expected in a foreland basin
setting (Beaumont, 1981; DeCelles and Giles, 1996; Dorobek, 1995).
COARSE GRAINSTONE
Description
Coarse grainstones (Dunham, 1964; Plate 2.1) are found in up-dip paleogeographic
positions where they form prominent lithostratigraphic units (Lower and Upper Grainstone
Units; see chapter 3), at the top of two shoaling sequences (Gametrail and Breccia Units;
discussed in chapter 3). Coarse grainstones characteristically thicken up dip to reach thicknesses
of over 20m (Plate 2.1 .A). Amalgamated medium to very-thick beds of coarse to very coarse
grains characterize the bedding of this solely updip facies (Plate 2.1 .A,B,&D). Trough and
tabular cross bedding is common and beds often have wavy tops especially towards the top of the
section (Plate 2.1.B, C,&D; (Allen, 1963; Gilbert, 1899; McKee and Weir, 1953). This coarse
grained facies is differentiated from finer grained calcarenites discussed below on the basis that
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the grains of the coarse grainstone facies can always be seen by an unaided eye in hand sample
(Plate 2.1 .B,D,E,&F) while the grains of calcarenite typically can not (Plate 2.2).
The composition and morphology of individual grains vary according to their vertical
stratigraphic position. Coated grains are common throughout the section and consist of rounded
composite grains that are oolitic in many cases (Plate 2.1 .B,D,E,&F). Grains within the older
Lower Grainstone Unit are generally more rounded and poorly sorted compared to the
grainstones found in up-dip areas of the Upper Breccia and Upper Grainstone units. The older,
lower grainstones possess more oolitic grains than the irregular shaped, often slightly
dolomitized, better sorted grains of upper grainstone occurrences within the up-dip upper Breccia
and upper Grainstone Units. Grains found in these upper parts of the section are much more
irregularly shaped and poorly rounded than lower occurrences, giving the appearance of small
intraclasts floating in a matrix or as a matrix-free clast-supported grainstone (cf. grainstones of
Plate 2.1 with intraclastic conglomerates on Plate 2.6).
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Plate 2.1: Coarse Grainstone
A) Clinoforms of the Lower Grainstone Unit prograding from right to left over the top of the GameTrail
member. Note leftward thickening and disappearance of clinoform surfaces obliquely up-dip into the
massive cliff (trace surfaces at arrows). This is the first significant occurrence of coarse grained
grainstones within the Hoogland and may represent some of the shallowest times and furthest
forestepped portions of the ramp sequence. In contrast to the upper grainstone, the lower is associated
with both time-equivalent and succeeding microbial deposits, as seen in the development of small
thrombolitic communities at the top of the Lower Grainstone and time equivalent Irregular Laminites
and Splotchy Laminites.
B) Opposing tabular cross-bed sets within up-dip lower grainstone on Mooi Rivier farm near section
99-1. Structures such as this could be produced by either truly reversing flow tidal currents or the unidi-
rectional migration of three-dimensional bedforms. This is one of the most southerly, furthest up-dip,
and therefore shallowest localities examined.
C) Meter-scale dunes or mega-ripples (arrows at base) in bedding plane exposure of Upper Grainstone
Unit. Bedforms have amplitude of approximately 10cm and spacing of 1 - 1.5 m in medium to granular
sized sediments. Reclining person at right for scale.
D) 0.5m scour of coarser grained grainstone into finer grained HCS'd calcarenites. Note the poor sorting
in the coarser gained deposits and two different length-scales of truncation within this outcrop. Signifi-
cant surfaces have been highlighted by thin black lines. It is not known if this particular example
includes matrix and could represents a submarine debrisflow deposit. The downcutting that coarser,
poorer-sorted sediments exhibit here is in accordance with a shallowing upward/ decreasing accommo-
dation trend and associated progradation of coarser grained deposits over finer-grained during
deposition. This out-of-place block is believed to be from the highstand deposits of the upper
grainstone, below the sequence boundary where bedding thins and fines upwards. However the down-
cutting of coarser grained sediments into the finer underlying substrate could also simply result from
some autocyclic process such as the shifting of an active depositional lobe.
E) Up-Dip Rudstone containing clasts up to 5cm of composite grains, note poor sorting. White patches
are desert caliche deposits. Cm scale.
F) Grains of grainstone, with replaced cortices, found within one kilometer down-dip of Rudstone E on
this plate. Dark areas between grains is recrystallized early marine cement. Cm scale.
G) Photograph of replaced cortice within lower grainstone. Note oolitic texture of grains, poor sorting,
and abundance of cement. Compare the internal texture of these oolitic grains to the aggregated grains
of the photomicrograph in figure H.
H) Plane light micrograph of grainstone from Lower Grainstone unit. Note aggregate grain composition
of larger dark grains (arrows), and textures within pore-filling recrystallized primary marine cement.
Hue/Saturation values were digitally manipulated to optimize contrast between grains and cement.
I) Approximate Outcrop Locations of photos on this plate.
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Throughout the Hoogland the Coarse Grainstone facies is not significantly interbedded
with any other type of facies; it is only found as massive thick monolithic occurrences. A down-
dip transect during times of Lower Grainstone Unit deposition reveals a progressive downdip
shift to temporally-equivalent calcarenites, irregular laminites, splotchy laminites, and shale
(Plate 3.2). Nevertheless, the actual grainstone facies generally occurs as massive meter-scale
bedding units of monofacial composition without interbeds of finer grained carbonate facies.
Interestingly, grainstones are also always associated with temporally equivalent shale deposition
further down dip. This is in contrast to other carbonate sediments of the Hoogland within the
Heterolithic and Gametrail Units that do not show an objective preferential qualitative
relationship with very-fine grained to muddy siliclastic sediments in a downdip position at the
time of deposition. This is further explained in the description of the Lower Grainstone Unit in
Chapter 3.
Replaced Cortices
As shown in Plate 2.1 .F&G, within up-dip positions the cortices of the granulitic ooids
are replaced by a massive sparry calcite. This may represent diagenesis under phreatic conditions
as a freshwater lens infiltrated the sediments during a regressive sealevel fall, basinward shift of
shoreline (Bathurst, 1975; Handford and Loucks, 1993; Longman, 1980; Sarg, 1988). This
diagenetic phenomena is the only significant evidence for significant relative sea level fall,
possible exposure and/or shallow burial depths. The great bulk of the Kuibis Subgroup of the
Zaris Basin as examined in the study area is subtidal and contains no karstic subaerial exposure
surfaces, incised valleys, paleosols or other evidence for significant sea level lowering. The only
exception to this is the tidal flat facies at the very base of the Omkyk , which consists of
cryptalgal laminites containing a coarse siliciclastic aeolian lag, mud cracks, and microbial roll-
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up structures. Significantly, these facies occur during the initial stages of an accommodation
increase, and not during relative sea level fall (Smith, 1998).
Grain Type as Indicator of Carbonate Factory Output
The association of coarse grainstones with temporally equivalent down dip shales and
less extensive microbial laminite deposits has implications for the nature of the carbonate factory
at the time that these coarse grainstones were produced. The carbonate factory, at times of
downdip shale or condensed section deposition only produced coarse grains in relatively updip
positions. The presence of the coarse oolitic, coated and composite grains (Plate 2.1 .E,F,G,H)
indicates that these grainstones were formed under the continual influence of currents (Heller et
al., 1980; Winland and Matthews, 1974) strong enough to agitate the seafloor and produce the
rounded grains, and deposit them as matrix-free grainstones.
Based on high-resolution bed and sequence tracing it was found that stratigraphic
intervals dominated by grainstone are thicker than stratigraphic intervals of laminite facies
bounded by the same chronostratigraphic horizons (Plate 3.8; 3.10). This observation suggests
that the rates of production in grainstones were higher than in the chronostratigraphically
equivalent downdip laminite facies. The larger-scale implications of these relatively higher rates
of sediment production and accumulation for controlling platform morphology are discussed in
Chapter 3.
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CALCARENITES
Description
Calcarenites (Dunham, 1962) are found in varying abundance throughout the entire
Hoogland Member (Plates 2.2; 3.3; 3.5; 3.8). The highest abundance of this granular facies is
associated with a shoaling sequence in up-dip parts of the Gametrail and Breccia units where it is
found as the hummocky to planar-laminated caps of parasequences (Plate 3.3; 3.8; 3.10). These
fine to coarse granular sediments are rarely interbedded with shales and the splotchy laminites
discussed below. They are differentiated from Coarse Grainstones discussed above based on
their smaller and more uniform grain size. Determination of the precise grain size in the field and
in thin-section is difficult due to recrystallization but the preserved sedimentary structures
indicate the fine to coarse grain size of these sediments (Plate 2.2). Sedimentary structures are
abundant within this facies wherever it is found and include in order of approximate decreasing
occurrence: planar lamination, quasi-planar lamination (Arnott, 1993), hummocky cross
stratification (Dott and Bourgeois, 1982; Harms et al., 1975; Nsttvedt and Kreisa, 1987; Swift et
al., 1983; Walker et al., 1983), wavy-bedding, ripple and trough cross-bedding (Allen, 1963;
Gilbert, 1884; Gilbert, 1899; Harms, 1969). These structures are generally distributed throughout
all calcarenite occurrences.
The calcarenite sediments of the Hoogland exhibit abundant hummocky cross-
stratification (HCS; Plate 2.2.E). HCS was a term first presented by (Harms et al., 1975) to
describe strongly three-dimensional cross-stratification with a scale larger than ripples. This
distinctive sedimentary feature is generally accepted to indicate deposition under strong
oscillatory to combined flows with wave periods greater than 10 seconds (Allen, 1985; Arnott
and Southard, 1990; Barron, 1989; Dott and Bourgeois, 1982; Duke, 1985; Greenwood and
Sherman, 1986; Harms et al., 1975; Leckie, 1988; Myrow and Southard, 1991; Myrow and
Southard, 1996; Nottvedt and Kreisa, 1987; Swift et al., 1983; Walker et al., 1983).
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Plate 2.2: Calcarenite
A)Incipient calcarenite??? This photo of wispy laminae of presumed microbial material appears in a fine
to coarse matrix of calcarenite grains. This photo may record the process of the production of fine grains
as wisps of microbial mat are ripped-up and abraded into sand sized particles.
B) Very-Coarse Grained calcarenite, note: rounded calcisiltite intraclasts at center left and lower right,
unidirectional stratification from left to right in basal portion of the bed. This sample is considered to be
right on the arbitrary classification boundary used consistently within this thesis between fine grained
grainstone and coarse grained calcarenite.
C) Planar-Laminated medium to coarse-grained calcarenite overlying calcisiltite-sized Irregular microbial
laminites. This dark-colored bed is a regionally extensive marker horizon along which can be observed a
transition in climbing ripples seen in D.
D) Climbing ripples found further down-dip than in C. Climbing direction is down-dip to the left in the
image. Note symmetric ripples at base that overlie calcisiltite sized splotchy-laminite. Ripples such as this
are indicative of high sedimentation rates under combined flow conditions. The further down-dip
occurrence of climbing ripples in D demonstrates nicely the transition in sedimentary structures from
more up-dip planar-laminated in zones of bypass seen in C to climbing ripples in down-dip zones of dep-
osition shown by D.
E) Hummocky Cross Stratification (HCS) in calcarenites of middle to upper Breccia unit. Note how sur-
faces of relative discordance trace laterally into conformity. Structures such as this are found up-dip of
graded intraclastic conglomerate beds of the type shown in Plate 2.6.E-I. The up-dip occurrence of these
HCS beds compared with temporally equivalent down-dip intraclastic beds shows that at shallower por-
tions of the platform during an event, strong oscillatory conditions were experienced in mid-ramp settings
while the distal middle to outer ramp experienced more unidirectional flows. The occurrence of HCS beds
in close stratigraphic proximity to matrix-supported breccia facies of the Breccia Unit also indicates that
the seafloor was experiencing strong wave-induced shear stresses. Lens cap is 5cm in diameter.
F) Individual calcarenitic hummock interbedded with down-dip IRRL. Note climbing ripple below the
Cm scale and shingled laminations within the hummock indicating origins under combined flow
conditions. This interbedding of microbial and clastic carbonate sediments demonstrates that at this
location, time intervals characterized by a relatively lower sediment influx and high microbial-growth rate
were interrupted by periods of high clastic carbonate influx and oscillatory or combined flows.
G) "Jumblite" Facies of convoluted event-bed calcarenite. Note evidence for some form of early
lithification in the ductility of the beds, and the sharp angle of truncation along stylotized and sharply
weathered surface.
H) Convoluted very fine to fine-grained siliciclastic beds interbedded with shale of basal LRRT
parasequence. Disruption such as this is interpreted to result from the shearing and deformation of these
relatively rigid beds within a more ductile shaley matrix. Note the undeformed bed at base that could have
been earlier lithified and more competent than the overlying deformed bed. Alternatively this bed could
have been located below the zone of shearing deformation. Northward-thickening siliclastic sandstones
like this are found in the shaley bases of down-dip parasequences within the Breccia unit. This particular
event horizon is laterally correlatable over the entire range of Breccia unit outcrop within the shaley base
of a prominent parasequence (see LRRT discussion in text and Plates 3.10; 3.11; 3.12). The source area
for these siliciclastic sediments is believed to be from the unroofing Damara Orogen to the North.
I) Combined Flow features preserved in very fined grained siliclastic sandstone deposits. The structures
contained within this photo could have also been produced by deep-water geostrophic currents and per-
haps are not storm related.
J) Planar lamination in very fine to fine-grained medium bed of siliclastic sandstone found in a down dip
shaley base of a parasequence perhaps representing the top of a well sorted, basinward sourced turbidity
current.
K) Enigmatic "lava-lamp" outcrop of selectively-dolomitized convoluted calcarenite beds of the upper-
most Gametrail Unit towards the western edge of study area. This facies occurs as a greater thickness of
granular sediments than are found to the east in temporally equivalent portions of the ramp. Note the
thick, non-dolomitized lower Grainstone unit at upper left of photo placing these calcarenite shoals in the
upper Gametrail Unit.
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The relative paucity of small-scale (cm) wave ripples and abundance of HCS is surprising
in this facies and may be due to a number of factors including deposition only during upper-
plane bed strong oscillatory or combined flows of severe storms (Arnott and Southard, 1990;
Duke, 1985), deposition in mid to outer ramp settings and associated lack of subsequent
reworking by fair weather waves, and/or early cementation. Based on the large wave periods
and lack of shoreface stratification patterns (Kumar and Sanders, 1976; Siringan and Anderson,
1994) the hummocky cross-stratified calcarenite deposits are interpreted to indicate inner ramp to
proximal outer-ramp depositional environments, certainly within storm wave base necessary to
form such structures.
At certain stratigraphic levels this facies is found to exhibit extremely convoluted and
disrupted bedding (Plate 2.2.G, &K). This is interpreted to result from the interaction of strong
storm-wave seabottom shear stresses on partially compacted or lithified beds. Early marine
lithification may have played a role in adding both cohesion and rigidity to the beds. Some of
these convoluted intervals form distinctive marker horizons and are laterally traceable over
length scales of kilometers. A very prominent convolute horizon ("jumbleite bed") is found in
the reference measured section (Plate 3.5) at 88-90m as the most forestepped portion at the base
of a trio of thinning upwards cycles extensively traced throughout the field area (see discussion
in Chapter 3).
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IRREGULAR LAMINITE (IRRL)
Description
This facies is very widespread and consists of sub-millimeter laminae that typically
express an undulatory lamination style (Plate 2.3). In outcrop, IRRL is recognized by alternating
dark grey and light blue-grey relatively isopachous laminae. Individual laminae are often
laterally traceable on the scale of a few meters. However, in more proximal up-dip positions
laminae are often sharply truncated (Plate 2.3.A-C) implying both a strong cohesion to the
sediments imparted by early cementation or the intrinsic strength of the microbial mats
interpreted to influence sedimentation; in either case the laminae were truncated by high-velocity
flows. Often this facies type contains thin interbeds of planar laminated calcisiltite and massive
lime mudstone.
Stylolitization often enhances the expression of individual laminae (Tada and Siever,
1986; Wanless, 1979), but makes determination of primary laminae thickness difficult. As a
general rule of thumb the abundance of stylolitization increases downdip within the depositional
profile and may reflect an increase in the proportion of insoluble siliciclastic shales, toward the
unroofing Damara Orogen.
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Plate 2.3: Irregular Laminite (IRRL) Plate.
A) IRRL outcrop shot from Lower Gametrail Unit in Fig Tree Canyon reference section , note: relative-
ly continuous and isopachous laminations, small scour-produced (?) or stromatolitic domes (a), sharp
margins of scour features with synoptic relief (b), lenses of intraclastic material(c). Darker laminae are
interpreted as remains of primary organic matter draped by lighter colored silt to mud sized carbonate.
Cm scale.
B) Truncation of laminae in up-dip Gametrail unit IRRLs (a), note: planar bases and relief at top of
laminae-parallel splotchy recrystallization (b), and intraclastic conglomerate lens (c). Truncation fea-
tures and the presence of platy intraclasts such as this attests to the early cementation and cohesiveness
of these interpreted microbial mats. Cm-scale.
C) Irregular laminite overlying massive intraclastic conglomerate grainstone bed. Dark areas within
intraclastic bed are recrystallized primary marine cement, lighter clasts are ripped-up microbial IRRL.
Note sub-horizontal imbrication of clasts in grainstone; planar lamination in calcarenite (a); dome mar-
gin produced by scour (b); lens of calcisiltite with intraclast (c); relief-damping, infilling, rough-based,
planar-toped calcisiltite waftite bed (d). Processes acting at the length-scale of this photography are
believed to be significant in the preclusion of stromatolitic/thrombolitic reef development and
creation/propagation and inheritance of antecedent topography. Scale-bar 5cm..
D) Sea-floor domes in upper Gametrail unit, origins are enigmatic, note lack of laminated internal
(thrombolitic?) texture (a), draping and onlap of infilling laminae (b), smothering of bed-scale relief by
calcisiltite event (c). Compare this slightly larger-scale smoothing to that of figures Ab, B, & Cd in this
plate and with the further down-dip, temporally equivalent Splotchy laminites (S-lam Plate). Scale-bar
5cm.
E) Stromatolites in upper Gametrail member, note: similarity of internal laminations to non-stromatolitic
forms seen in this figure (a), intraclastic-conglomerate grainstone base containing a clast of calcisiltite
that stromatolite growth nucleated on (b), post-emplacement branching after deposition of a calcisiltite
intraclast (c), and presence of small deposits of calcisiltite at sharp bends in stromatolites (d). This par-
ticularly stromatolitic horizon is found up-dip of other IRRL examples on this page and is
stratigraphically 0-10m below the base of the Lower Grainstone unit. The similarity in lamination tex-
ture to non-stromatolitic forms combined with the relatively up-dip position of this outcrop may imply
that development of stromatolitic growth requires a more continuously agitated sea-floor likely within
fair weather wave base. Cm scale.
F) Corrugated bedding plane surface of stromatolites formed in Irregular Laminites. These stromatolites
are temporally equivalent to undulatory Irregular Laminites that do not possess stromatolitic growths
suggesting that the presence of higher-energy conditions is necessary for the development of the
stromatolitic relief. In these more updip positions sediment is swept from interdome depressions allow-
ing for the development and propagation of domal relief. This is contrasted to downdip positions where
suspended sediment fills in depressions and restores the seafloor to a relatively flat state, such that no
preferential sites of higher sediment accumulation rates exist, precluding the growth and propagation of
relief-producing seafloor elements.
G) Down-dip IRRL. This deeper-water paleogeographic setting exhibits a finer-scale and smoother lam-
ination due to decreased basal shear stresses and increased deposition of finer grained sediment by fall-
out during fair-weather and post-depositional event conditions. Note thin intraclastic conglomerate bed
(a) and abundance of planar-laminated calcisiltite beds (b) attesting to the wide range of bed shear-
stresses this location experienced during the time interval preserved in this outcrop.
H) Hand-sample of down-dip IRRL from the upper-middle Breccia Unit LRRT parasequence.. Compare
the.relatively smooth-based, rough-topped laminations, finer-grainsize, smaller-scale laminae roughness,
and lack of splotch-associated features to more up-dip and younger examples of this plate. This sample
illustrates a stratigraphically younger example of a down-dip, deeper-water laminite temporally equiva-
lent to-calcarenites and intraclastic conglomerates (see LRRT Figure and discussion in Lithostratigraphy
Chapter). This facies is believed to have been deposited mainly by fallout without traction, not by trap-
ping and binding within a bypass zone as in further up-dip IRRL examples of this figure. This sample
illustrates the younger down-dip laminites believed to have been deposited in a similar paleogeographic
location to older splotchy laminites found throughout the Heterolithic and lower Gametrail Units.
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Interpretation
The thinly laminated texture, irregular to wavy geometry of laminae, and locally
truncated laminae (Plate 2.3.B&C) within this facies implies the involvement of benthic
microbial communities in sedimentation, imparting strength to laminae to resist erosion (e.g.
Burne and Moore, 1987; Chafetz and Buczynski, 1992; Riding, 2000; van Gemerden, 1993).
However, as is true for many inferred microbialites, this influence is difficult to conclusively
demonstrate (Grotzinger and Knoll, 1999), as there are no preserved filamentous or coccoid
microfossils within the laminites, or indirect features such as filament molds. Truncations within
the laminae of IRRLs (Plate 2.3.B&C) indicate that the sediments were cohesive/early lithified, a
property which is further suggested by the observation that these laminite facies are able to form
features with synoptic relief along the seafloor and form the ubiquitously interbedded intraclastic
horizons. This cohesion is likely a combination of contributions coming from early cementation
and also some form of organic-based cohesion. Zones yielding x-bedding with vertical
undulations to supposed relatively qualitative primary organic natural mats, layered
continuously, juxtapose interbedded heaps, growing fast except during colossal bed activity.
Individual, rough-topped dark laminae, inferred to have formed in the presence of
microbial mats, create rough microrelief along their top surface. These inferred microbial mats
(Aitken, 1967; Burne and Moore, 1987; Riding, 2000; van Gemerden, 1993) likely contained a
flourishing and diverse assemblage of terminal Proterozoic cyanobacteria and higher algae
(Grant et al. 1991; Grotzinger et al., 2000; Grotzinger, 2000). The overlying light laminae,
inferred to have been sediment rich, smoothes over any microtopography produced by the mats
or mat-induced processes preventing it from being inherited and enhanced in subsequent events
of sedimentation during microbial mat growth (Plate 2.3). These fine-grained carbonate muds
and silts were likely transported as either the tails of dilute turbidity currents or rainout from
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sediment suspended by storm and fair weather waves and then advected offshore to the site of
deposition. Another explanation for the origin of the laminae is that they are the results of
whitings, be they biologically (Robbins and Blackwelder, 1992), or abiologically (Ball et al.,
1967) produced (Shinn et al., 1989).
Elongation of what few stromatolites occur, the lack of finer grained sediments, and the
presence of coarse grainstone-filled channels within the IRRLs indicates that these updip mats
were under the influence of regularly moving water currents. The coarser interbeds of calcarenite
and more abundant lenses of edgewise conglomerate indicates that the updip positions
experienced a more frequent influence from waves and can be classified as proximal mid ramp
deposits. Plate 2.3.E illustrates the higher energy intraclastic ripup facies associated with more
updip positions and higher average bottom shear stresses involved in stromatolite formation.
These currents would also have acted to transport and prevent the deposition of the suspended
sediment load.
The irregular laminite facies is believed to be one of the primary sources as well as fixers
of carbonate on the Hoogland ramp through the processes of trapping and binding, encouraging
early cementation, and also in the production of 'stromaclasts' (cf. Sami and James, 1994;
Fairchild, 1991) found within the intraclastic conglomerate beds. Within the study area it is
volumetrically the most significant carbonate facies, and extends significantly further basinward
than the shoals of the lower and upper Grainstone Units within the Hoogland. The role of these
laminites in providing granular sediments is hinted at in Plate 2.1 .A where wispy microbially
influenced (??) laminations are preserved in the act of being ripped up and comminuted into fine
to medium grained sediment.
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Stromatolite Formation in IRRLs
Because of the iterative damping of microbial microtopography discussed above,
stromatolites are rare despite the abundance of textures consistent with the former presence of
microbial mats. Stromatolites which do occur are limited to up-dip stratigraphic positions
(Grotzinger, 2000; Grotzinger et al., 2000). However, stromatolites (Plate 2.3.E&F) are found
updip to the north of the reference section where type intervals of stromatoliteless IRRLs occur.
The fact that domal stromatolites are found in updip positions which are chronostratigraphically
equivalent to downdip stratiform stromatolites (IRRLs) indicates that the bottom shear stresses
are important in controlling whether stromatolites attain significant relief, or remain prone.
In outcrop and hand-sample examination there is very little discernable difference in
lamination texture between well-formed stromatolites and the more stratiform to hummocky
irregular laminites. This suggests that variations in environmental conditions, rather than
changes in the ecologic makeup of the constituent benthic microbial communities are necessary
for the development of features capable of creating synoptic relief. The relative up-dip
occurrence of stromatolitic deposits and the common occurrence of inter-dome grainstones
implies that the average flow velocities were higher than in the further downdip positions
possessing only undulatory IRRLs and not discrete domal stromatolites. This would have been
important in creating suitable conditions for topographic differentiation of the seafloor, leading
to the development of discrete domes (Grotzinger and Knoll, 1999); depressions between domes
would have been swept clean in positions where wave sweeping was operative on a daily basis.
Deeper positions on the sea floor would have been more susceptible to permanent deposition
within small topographic depressions, so that these depressions would have been filled in, thus
restoring the sea floor to a relatively flat state and precluding the development of domal
stromatolites.
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Paleoenvironmental Interpretation of IRRL
The irregular laminated facies is interpreted to have been deposited in inner to mid-ramp
settings under the influence of fair weather waves. The alternating growth of biostabilizing mats,
combined with smoothing during sediment transport and deposition influenced the morphology
of the sea floor at scales ranging from millimeters to decimeters (Grotzinger and Knoll 1999).
These processes would have acted to smooth the tops of laminae and create the undulatory,
hummocky lamination style perhaps recording the effects of strong oscillatory bed shear stress
(Plate 2.3). The presence of interbedded hummocky calcarenites, lenses of edgewise intraclastic
conglomerate (Plate 2.6), and prostrate imbricate intraclast-conglomerates also implicates
deposition under relatively high-energy conditions for this facies. The occurrence of strongly
elongate stromatolites at particular stratigraphic levels is consistent with sustained oscillatory
shear.
IRRL represents deposition during a time of relatively low clastic carbonate sediment
influx. Usually the IRRL facies is found interbedded with hummocky cross stratified to planar
laminated coarse to fine grained grainstones and calcarenites. This illustrates that at a given
location on the ramp where IRRLs are present it was also possible to deposit clastic grains under
relatively similar hydrodynamic conditions during a depositional event that transported and
deposited clastic carbonate sediments. When there was a high clastic sediment influx,
grainstones and calcarenites were deposited. However, when this clastic sediment influx was
low, in-between depositional events, microbial mats grew on the seafloor producing micro relief.
They develop the surface relief and roughness that is either planed off or infilled by the
suspended or traction load sediments transported by the next depositional event.
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Based on the relative position along the ramp profile it is necessary to distinguish two
types of irregular laminites that exhibit overall similarity in sedimentologic characteristics of
lamination texture. However, these differ, in subtle ways, in terms of their actual lamination
thickness distribution or average laminae thickness - this in turn leads to a difference in their
inferred physical processes of formation. In more up-dip positions irregular laminites tend to
posses a narrower distribution in laminae thickness, and also contain more truncation structures,
consistent with the involvement of benthic microbial communities (Burne and Moore, 1987) in
biostabilization of the sediment (Gerdes et al., 2000) and higher-energy conditions. In relatively
down-dip positions irregular laminites may be developed that contain a broader distribution in
laminae thickness, meaning that they exhibit greater overall thickness and higher lateral
continuity of individual laminae. These more down-dip irregular laminites are interpreted to
have been deposited from suspension and below fairweather wave base likely approaching the
lower limit of storm wave base. These "downdip IRRLs" (c.f. Plate 2.3.G,&H with more updip
A&B; Plate 3.6) are distinguished from splotchy laminites based on the absence of the
characteristic diagenetically altered splotches of the splotchy laminites described below.
SPLOTCHY LAMINITES (S-Lams)
Description
The Irregular Laminite facies exhibits a downdip gradation in texture to the temporally-
equivalent down-dip Splotchy Laminite facies (Plates 2.4 ; 2.5; 3.3; 3.8). The distinction
between the Irregular Laminite and Splotchy Laminite facies is somewhat arbitrary and each
should be considered as end-members in a continuum of both primary and diagenetic descriptive
characteristics, and ultimately in terms of the physical, chemical and biological processes that
contributed to their formation. As in the case of the Irregular Laminite facies, the lamination
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texture in the Splotchy Laminite facies is characterized by the alternation of dark laminae,
probably of microbial origin, and light laminae, formed mostly by sedimentation of fine
carbonate mud and silt. The greater roughness of laminae in this facies is produced by microbial
growth and primary relief is preserved may be explained by the presence of the seafloor-
colonizing eukaryotic communities of terminal Neoproterozoic Time (Grotzinger et al., 2000;
Grotzinger, 2000).
Criteria that allow these two end-member fabrics to be distinguished are based on two
attributes observed in outcrop and in polished slabs: lamination thickness, and surface roughness
of the darker, microbial laminae. Down-dip Splotchy Laminite facies exhibit an overall thicker
lamination style and possess a rougher lamination than the smoother laminae of up-dip Irregular
Laminite facies. Also, the carbonate sediments of the Splotchy Laminite facies are finer grained,
consisting of calcisiltite to calcilutite sized material. The Splotchy Laminite facies generally
lacks associated sedimentary structures with the exception of occasional stromatolites. These are
typically elongate, though not to the degree exhibited by the Irregular Laminite facies. Also, the
Splotchy Laminite facies generally lacks beds emplaced under the influence of significant bed
shear stress, at least great enough to form hummocky cross stratification, rip-up intraclast
conglomerates, or even ripples. Individual laminae and very thin beds of the Splotchy Laminite
facies are typically massive and do not exhibit grading or any type of current-induced
stratification, pointing to deposition from fallout.
Chapter 
2: Facies
S iBenedetto
95

Plate 2.4: Splotchy Laminite Field Plate.
A) Outcrop photo of Splotchy Laminite (S-lam), note laminae parallel, planar-bases, with rough
top-surface of splotchy recrystallization, and preserved rippled top of fine-grained calcarenite.
This photo illustrates nicely the main characteristic features of laminae parallel Splotchy
Laminite of planar based splotchy horizons that posses rough tops that are not inherited or propa-
gated because the thickness of the damping calcisiltite layer is greater than the scale of
roughness. This snuffing acts to reset and destroy any small-scale local topographic highs that
may have served as sites for preferential deposition.
B) Isolated splotches in calcisiltite, note compaction around splotches and coarse grained internal
texture of splotches. Cm scale. This demonstrates that splotches developed before significant
diagenesis, compaction, and early cementation could occur. While the internal texture of the
splotches may have been replaced by later diagenetic events, the evidence for splotches as some
sort of either early cemented nodule or concretion is strong.
C) Fringes of interpreted diagenetic aragonite on laminae parallel feature, note roughness of
insoluble clays that impart stylotization. Tip of ballpoint pen for scale.
D) Selective splotch placement in calcisiltites/calcarenites. Beds that do not contain splotchy
recrystallization do not differ significantly in presumed grainsize or other attributes. Note damp-
ing of relief along laminae. Cm scale.
E) Isolated splotches in calcisiltite, note massive calcisiltite beds near base that do not contain
splotches. Cm scale.
F) Splotchy Laminites developed in calcisiltite. Note both laminae parallel and isolated splotch
occurrences and relief along scour features and infilling of depressions highlighted by white line.
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Plate 2.5: Splotchy-Laminite Micrograph Plate.
A) Scanned polished slab of Splotchy Laminite. This occurrence is in close stratigraphic prox-
imity to the silicified 548.8 ashbed of the Heterolithic Unit. Silica diagenesis is prevalent within
this interval leading to the silicification of carbonate textures and the imparting of a green color
to the sediments adjacent to the ash. The role of the silica in altering the primary morphology of
the carbonate minerals is unknown, however the preservation of mineral textures within the
silicified carbonate beds is exquisite. The silicification may have to acted to cease later genera-
tion fabric destructive recrystallization. Within this photo note the internal texture to both lami-
nae-parallel (a) and isolated splotches (b) , the accicular outward growing fringes (c) to many of
the splotches, and the infilling (?) inward growth of dog-tooth spar (d). Facing on this out of
place sample is not known, but upward growth of laminae-parallel splotches at center are taken
to indicate stratigraphic up. Boxes define zones magnified in figs B and C.
B) Photograph of internal texture to laminae-parallel splotches boxed in A. Note inward coarsen-
ing and infilling of dog-tooth spar implying growth into a primary void space or pocket of softer
sediment(?). Note both the inward dog-tooth spar growth (a) and the radiating outward fringe of
interpreted aragonite (b). The degree of replacement and primary fabric-destructive recrystalliza-
tion is unknown.
C) Photograph of internal texture of isolated splotch boxed in A. Note the coarsening inwards
infilling dog-tooth spar and development of a light marginal fringe. Center of splotch is green
chert from ashbed.
D) Plane Polarized photomicrograph of splotch infill. Note increasing size to cavity filling dog-
tooth spar (a); ghost fringe of recrystallized primary aragonite (?) radiating in the opposite direc-
tion (b), duel nucleation points for crystal competing cavity growth along a sharp dark laminae at
bottom (c).
E) Compaction of calcisiltite around a fringed splotch. Note the radiating accicular vertically ori-
ented lighter-colored crystals that have silt-sized quasi-laminated particles draping and
onlapping, and the upward increase in crystal size within this plane polarized light image. Based
on the lack of individual ghost grains within the fringe and the incorporation of calcisiltite grains
near squared crystal tips it is believed that this small-scale crystal fan grew at the sediment-water
interface on the seafloor.
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Many of the distinguishing morphological characteristics of the individual laminae
within the Splotchy Laminite facies are shown in Plates 2.4&2.5. Laminae often display a higher
degree of stylolitization that highlights the greater lamina roughness. The higher degree of
stylolitization is interpreted to result from a higher siliciclastic content within these down-dip,
deeper-water facies. This is consistent with both the relative position of this facies on the ramp,
and its down-dip transition into the shale facies. However there is still a detectable higher degree
of roughness to the Splotchy Laminite facies based on its relatively further downdip
paleogeographic position.
Spotlight on Splotches: Early Diagenesis of Splotchy Laminites
Description
One of the most distinctive and remarkable features of the Splotchy Laminite facies is the
splotches themselves. This splotchy diagenetic feature manifests itself in two main
morphologies, individual blebs that occur within laminae and laminae-parallel manifestation
(Plate 2.4 & 2.5). Typically, each "splotch" consists of an outward-radiating, spherulitic
arrangement of crystals that has nucleated and grown away from a point (Plate 2.5). Individual
rounded blebs commonly are represented by matrix-replacive neomorphic aragonite (now
calcite) where sub-mm scale square-tipped rectangular crystals form a radial outward fringe that
extends into calcisiltite and creates sub-mm irregular bleb margins (Plate 2.4.C; Plate
2.6.A,B,D,&E).
In the interior of blebs, dog-tooth spar is commonly observed to grow inwards towards
the center. Thin-section analysis reveals no sharp margin or surface that separated inward
growing dog-tooth spar from the outward-radiating acicular calcite fringe. Also, individual
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splotches may possess a blocky spar infilling cement that does not have a radial-inwards growth
pattern and is more characteristic of overall replacement (Plate 2.5.A&E). But many of these
observed dog-tooth crystal-growth textures point to preservation of primary textures produced by
growth into an open cavity or pocket of softer sediment (Plate 2.4.B & 2.5.E).
Interpretation
Splotchy laminites contain evidence for the primary precipitation of aragonite as fringes
of acicular, square tipped crystals (Kendall, 1985; Kendall and Tucker, 1973; Sandberg, 1985).
Plate 2.5.E shows an example of these bundles of needles that must have grown upwards into
free space just above the ocean floor. This is evidenced by the post-growth compaction and
draping of fine to silt sized carbonate grains. The growth of such presumably delicate crystal
fans is here used as evidence for a distal-mid to proximal outer ramp position well below fair
weather wave base and towards the bottom of storm weather wave base. Such structures are not
likely to have been able to accrete vertically upwards into a turbulent boundary layer, and
probably would not have survived significant post-growth shear stresses unless they were buried
and cemented early.
An apparent paradox arises regarding the splotch crystal-growth directions in that often
there is found to be both an outward-radiating fringe of delicate square-tipped fans of calcite-
replaced aragonite, yet also an inward radiating dog-tooth spar that appears to have grown freely
into an open space (Plate 2.5.A-D). Both crystal morphologies appear to have nucleated on some
surface and grown in their respective (opposing) directions, yet there are very few signs for this
surface preserved in the specimens examined (Plate 2.5.D). A surface for growth to nucleate on
is an obvious necessity to develop the opposing growth vectors seen in the splotches.
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One potential explanation for these crystal growth relationships is that the best
developed splotches represent whole, or mostly whole Namacalathus hermanastes (Grotzinger
et. al. 2000; Watters and Grotzinger, 2001) fossils in which the aragonitic fringe is an early,
encrusting, outward-radiating fringe cement and the blocky spar is a somewhat later (early
burial?) void filling cement. This would explain how the one texture grows outwards while the
other grows inward in a seeming paradox. The framework of the fossil wall would be obliterated,
in all but the very best (and very rare) specimens (cf. Grotzinger et al. 2000).
The splotchy texture that characterizes this facies is due to early neomorphic
recrystallization. It is possible that nucleation was triggered during very early diagenesis and
remineralization of organic matter, perhaps associated with bacterial sulfate reduction (Chafetz
and Buczynski, 1992; Lyons et al., 1984). Further support of the early diagenetic origin of the
spherulitic splotches is provided by evidence of compaction of muddy sediments around the
spherulites (Plate 2.4.B & 2.5.E).
This diagenetic fabric sometimes exhibits preferential growth on certain laminae within a
carbonate unit. The distribution of these spherulites is not random however, and they tend to
nucleate on the darker laminae which are inferred to have a microbial origin. In many cases
individual beds of massive calcisiltite that lack the splotches are found in contact with beds that
appear to be of the same sediment type yet possess the splotches (Plate 2.3.C & 2.4.D). This
implies that the presence of some sort of specific sedimentological, chemical or biological
condition or set of conditions are necessary for the development of this feature that is
stratigraphically limited mainly to the basal Heterolithic Unit of the Hoogland Member.
The degree to which recrystallization formed spherulites versus lamina-parallel fringes
could represent differences in the morphology of the primary fabric that the splotches replaced or
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were preferentially nucleated on. The lamina-parallel fabric likely represents the diagenetic
recrystallization of carbonate minerals that may have been associated with an in situ microbial
community that existed at the sediment-water interface. These mats would have been smothered
by sediment during events of clastic carbonate deposition. More spherulitic morphologies may
have been nucleated as points on small fragments of ripped-up microbial mats that were
dislodged during a lamina-forming depositional event, and embedded within the deposited
sediment.
The appearance of the splotches on certain laminae and not on others of apparently the
same grain size and type (Plate 2.4.D) could result from a shorter time interval between
successive lamina-emplacing events. As such, there would not have been sufficient time for
significant growth of the crystal fans or microbial mats responsible for the creation of the fabric.
If there was only a short interval of time between laminae-emplacing events then it is unlikely
that there would have been a significant roughness developed to the tops of the laminae. If there
was a greater time between events then there would have been more time to develop roughness
as the mats grew and associated early diagenetic processes acted to shape the seafloor.
Spherulitic recrystallization also contributes to the Irregular Laminite texture, but
individual spherulites in the Irregular Laminites are smaller in size when compared to spherulites
in the further down-dip Splotchy Laminites. This is perhaps a result of the thicker light-colored
sediment laminae and its finer grain size found down-dip in the splotchy laminites. The
thickness of the individual laminae may be the critical attribute which controls spherulite
development as the permeability and porosity which regulate fluid flow during recrystallization
are mostly set by the thickness and lateral continuity of these layers; in turn, the thickness and
lateral continuity of these laminae may scale with the magnitude of basal shear stress during
depositional events.
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A significant (- 10-30%) component of the sediments that make up both Irregular
Laminite and Splotchy Laminite are pieces of comminuted and torn Namacalathus hermanastes
(Grotzinger et al., 2000). Along a down-dip transect, the degree of destruction of Namacalathus
"shells" decreases as depth increases, such that within IRRLs only pieces are found, while in
Splotchy Laminites whole specimens are much more common. Some of the best preserved
specimens of Namacalathus are found in these down-dip laminites, consistent with their
interpreted mode of growth as attached benthic, level-bottom communities with a preference for
microbial substrates (Grotzinger et al. 1999). Often fossil hashes are found within Splotchy
Laminites, implying a certain ease in the detachment of these creatures by the storms frequently
encountered on the ramp.
STROMA TOLITIC BIOHERMS
Description
Small-scale stromatolitic bioherms are found within the basal 15m of the Hoogland and
represent some of the last occurrences of reef-like growth within the Kuibis Subgroup. Meter-
scale stromatolitic bioherms are found to exist in the basal 10m of this unit (Plate 3.2.H). Typical
bioherm dimensions are less than 1.5m thick, and lateral extents of less than 10m as seen in two
dimensional outcrop faces. Margins of the bioherms are observed to both taper into adjacent
stratigraphy (Plate 3.2.H) as well as build steep margins. These small buildups of the basal
Hoogland are more stromatolitic than the immediately underlying Upper Omkyk biostrome
marker unit reefs 3-5m below and are found interbedded with a higher proportion of fine grained
carbonate and siliciclastic sediments. Elongation within these stromatolitic horizons is consistent
with the measured direction of 2900 +10 for the upper Omkyk reefs and other features
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throughout the Hoogland. The presence of inter-dome channels that contain coarse grained
grainstone and the elongation attests to the frequent influence of currents in the creation of these
biologically influenced features.
Interpretation
The transition observed in the internal texture of the reefs between the more thrombolitic
upper Omkyk reefs and to those stromatolitic forms observed in the lower Heterolithic unit is
perhaps illustrative of the influence that external paleoenvironmental conditions can have on not
only overall reef and bioherm morphology but also the internal texture. The higher influx of
clastic carbonate grains within the lower Heterolithic unit could be the source for the observed
change from the more thrombolitic textures observed within the Omkyk, to the stromatolitic
bioherms of the lowest Heterolithic Unit.
This is consistent with the supposition of Feldmann (1995) and Feldmann and Mckenzie
(1998) that the morphology, internal texture, and sediment trapping dynamics of microbial
buildups is fundamentally controlled by the phylogenetic affinity of the mat inhabitants. The
degree of morphologic complexity of the organisms is believed a fundamental control on the
internal texture and controls over stromatolitic versus thrombolitic texture. The presence of
larger, morphologically complex eukaryotic organisms act to impart a higher degree of surface
roughness to the buildup and baffle more sediment while it is accreting forming a thrombolitic
texture. Prokaryotic dominated communities are believed to form more laminated, stromatolitic
textures due to their smaller size and general simpler external morphology.
Thrombolites and more complex, eukaryotic organisms may have been precluded by
relatively higher clastic carbonate influx. This would have been associated with the early
development of a highstand systems tract and generation of high levels of sediment production in
the field area. The increased production under a slowing to decreasing accommodation creation
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regime would provide more abrasive sediment particles. This abrasion acts to limit the size of the
organisms that can inhabit a surface mat community by creating unsuitable conditions within the
fluid boundary layer characterized by dynamically rough flow (Lamb, 1945; John Southard, pers.
comm., 2001). Once an organism grows into the realm where collisions with moving sediment
particles occur then this would tend to preclude larger, more morphologically complex forms
than simpler more streamlined prokaryotic forms.
INTRACLASTIC CONGLOMERATE
Description
Abundant thin to medium beds of rip-up intraclastic conglomerate are found throughout
the Hoogland Member (Plate 2.6). In outcrop this facies is recognized by an overall dark bluish-
black color compared to the lighter gray packstones and breccias and the finer-grained facies
found in the ramp. These clast-supported, platy intraclast grainstones exhibit two dominant
styles of stratification. In the first case they occur as prostrate, imbricated, sheet-like event beds
(Plate 2.6.A,B,C,&D) whereas in the second case they occur as isolated lenses (Plate
2.6.E,F,G,&H) and indicate deposition under oscillatory flow conditions, preserving the
deceleration and changing of direction of the wave orbit. Sheet-like conglomerate horizons are
distributed throughout the entire Hoogland with an especially high occurrence towards the tops
of shale-based parasequences within the Breccia Unit, whereas the isolated lenses are found
most abundantly within the middle to upper Gametrail Unit interbedded with calcarenites and
Irregular Laminites. Clasts within both types of conglomerate are composed of early-cemented
firm, yet plastic, pieces of Irregular Laminite facies.
The more sheet-like intraclastic conglomerate facies commonly occur at the bases of
event beds which grade upward into planar-laminated medium- to fine-grained calcarenite (Plate
2.6.F,H,&I). Occurrences of these beds within the Breccia unit have been traced up-dip into
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temporally-equivalent matrix-supported breccias described below. These individual sheet-like
intraclastic event beds also are found as the thickest beds at the top of shallowing upward cycles
or parasequences within the Breccia unit, above which bedding thins and the proportion of shale
interbeds increases. Chapter 3 discusses how these beds fit into the parasequence stratigraphy
and overall ramp architecture, and how they are used as chronostratigraphic horizons.
Interpretation
Individual intraclastic event beds are interpreted as tempestites, triggered by severe
storms and associated high energy conditions (Ager, 1974; Aigner, 1982; Mount and Kidder,
1993; Seguret et al., 2001). However, in contrast to their siliciclastic counterparts the bases of
these carbonate beds are rarely found to be significantly erosional, and most likely are due to the
early cementation characteristic of most carbonate environments.
The general rarity of both unidirectional and oscillatory flow nipples at the top of many
of these sheet-like graded beds (Plate 2.6.E,F,G,H,&I) is remarkable and deserves some further
discussion. The removal of this portion of the bed could have occurred by reworking under fair-
weather conditions, as the beginning of each successive event eroded the top of the prior event,
or as a result of deposition solely under upper-plane bed oscillatory flow conditions. In general,
ripples are expected to form as a consequence of waning flow during storm dissipation. Their
absence here is difficult to reconcile, but given the strong evidence for early cementation within
the microbial mats and the intraclastic beds and relative down-dip location of the beds, fair-
weather reworking is unlikely, and only the largest of storms would reach to these greater down-
dip depths. The abundance of interbeds of silt to mud sized does not support this fair weather
reworking hypothesis, implying that these beds were deposited under strong storm conditions.
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Plate 2.6: Intraclastic Conglomerate (Iclast).
A) Lens of edge-wise intraclastic conglomerate, clasts are pieces of microbial mat IRRLs and are found either as a rud-
stone (no-matrix), or as a packstone. This oscillatory-flow produced feature results as storm waves pile ripped up sea-
floor at the extremities of their dominant orbital diameter as flow decelerates before switching direction. Note internal
structure to the lens (a), with clasts shingled towards the center, draping of infilling calcisiltite beds(b) demonstrating
the synoptic relief of this feature, and massive calcisiltite beds (c). Scale bar 5cm.
B) Lens of edgewise conglomerate, note fan-splayed radial-packing of IRRL intraclasts (a), their incision into a basal
calcisiltite bed (b), draping and smothering of cm-scale relief by calcisiltite (c), and both laminae parallel (d) and iso-
lated (e) splotch development. Cm scale.
C) Further down-dip lens of edgewise packstone in calcisiltite matrix. Note fan-style imbrication to IRRL clasts and
overall finer grained, smaller-scale, bed roughness to IRRLs at base of photo. Compare scale of laminae roughness to
figure B above. Cm scale.
D) Margin of a wave produced "squirt" of intra-clastic conglomerate within IRRL Note: overall scale of laminae sur-
face roughness compared between other IRRLs; sharp margin at incision into calcisiltite bed (a), smaller lens at bot-
tom center (b), containing lighter-colored calcisiltite intraclast at center (c); onlap of sediments onto a dome directly
below measuring tape (d); smaller dome with calcisiltite margins at center of photo (e); and two larger domes at top
with 30cm wavelength, and approx. 5cm of relief. Along line of measuring tape note inheritance and propagation of
relief within calcisiltite bed at 15cm. Also note that left dome occurs over the thickest portion of the lens of intraclastic
grainstone. The spacing and amplitude of features seen here could be related to both the inheritance of pre-existing
topography, and/or the dominant average orbital diameter of waves acting at the seafloor. In the former case, the spac-
ing is set at the onset of growth, while in the latter, spacing is a function of the dominant flow parameters during the
time of mat accretion. This growth is arrested by the deposition of a darker-colored intraclastic conglomerate bed at top(arrow). Cm scale.
E) Thick bed of prostrate, horizontally imbricate, sheet-deposited intraclastic grainstone. Dark areas are recrystallized
early marine cement, while light clasts are calcisiltite grainsize pieces of ripped-up IRRL. This sheet-like event bed can
be traced laterally over kilometer-scale distances and is observed to transit basinward into granular calcarenites and
calcisiltite deposits and then further down-dip into IRRLs like those of IRRL plate F&G. Mechanical Pencil at top for
scale.
F) Distal fining-upwards, grading, intraclastic conglomerates of the Breccia Unit. Note grading from a base of roughly
laminated intraclastic IRRL into planar laminated calcisiltites/arenites. From base of photo to top of planar laminated
bed at center is considered one waning energy event. A dominantly unidirectional flow regime is invoked in the depo-
sition of this event bed, possibly as the deposits of a sediment gravity flow, initiated by a severe storm up-dip. It is
believed that this type of bed and its thicker more up-dip temporal equivalent in E preserves stronger evidence for dep-
osition under a unidirectional rather than oscillatory flow conditions. The lack of fan-stacked clasts and relative sub-
horizontal orientation to the clasts is taken as evidence for the absence of strong oscillatory conditions. Pencil tip at
lower left for scale.
G) Grading-upwards waning-flow packstone event bed. Note classic continuous vertical size sorting, sub-horizontal
imbrication to clasts within base, dolomitized matrix, and planar laminated top. As event energy wanes and competen-
cy of the flow decreases, the maximum size of clasts that can be transported also decreases. The planar laminated cap
could have been deposited under upper-plane bed flow of either oscillatory, unidirectional, or combined nature. Does
the planar laminated finer-grained cap preserve a decrease in the size of clasts because of the waning of the storm, or is
the changing of sediment influx from platy to granular responsible for the observed transition? Cm scale on left edge of
measuring tape.
H) Further down-dip, better-sorted, intraclastic grainstone to planar-laminated event bed. Note transition from clastic
coarse grained base into prostrate imbricate grainstone into a planar laminated cap containing a triplet of smaller-scale
fining-upwards?? sequences (arrows). This cap could perhaps represent the last three strongest oscillations of a high
bed-load deposited at the end of a Tsunami, or other significant shear stress situation after a deposition of platy intrac-
lastic grainstone.
I) Truncation of basal hummocky calcarenites by grading-upwards event bed within Breccia unit. The hummocky base
is good evidence for oscillatory flow conditions at this location, however the role of oscillatory flow in the overlying
grading event bed is more ambiguous. Cm Scale.
J) Oscillatory flow ripples in fine to medium grained calcarenite overlying small-scale local rip-up clasts within lower
Heterolithic unit. Note grading upwards from intraclastic layer through a planar-laminated interval culminating in the
symmetric ripples directly under pencil. This example is from the lower to middle Heterolithic unit to the west of the
Donker Gagne farmhouse. While this stratigraphically lower example preserves strong evidence for waning oscillatory
flow, occurrences of similar small-scale oscillatory ripple features are rare throughout the rest of the Hoogland.
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MA TRIX SUPPORTED BRECCIAS
Description
This facies is found exclusively in the Breccia Unit, for which it is named. Lithologically,
the breccias consist of lath-shaped intraclasts of microbial laminites floating in a fine-grained
carbonate matrix (Breccia Plate 2.7.A). The clasts have platy geometry with average dimensions
of approximately 0.3 cm in the smallest dimension and 3-5cm in the two larger dimensions.
Often the clasts are aligned roughly parallel to bedding (Plate 2.7.A,B,C,E,&F). The thicknesses
of breccia beds range from less than 10 cm to greater than 300 cm. Their lateral continuity is
variable with beds several meters thick abruptly thinning and apparently terminating; however,
even where breccias are thinnest, it is possible to trace a basal zone of disruption even if only a
few cm thick, that links thicker units of breccia within the same stratigraphic interval.
The contact relationships between the breccias and adjacent strata are complex (Breccia
Plate 2.6.B,D,E,F,G,&H). The breccias may rest on underlying beds with abrupt but concordant
contacts (Plate 2.6.D,&G) or, in contrast, cut discordantly through underlying strata for
thicknesses of up to a few meters (Plate 2.6.B,D,E,F,G,&H). The upper contacts of breccia-
containing units, however, are always concordant with overlying strata. Commonly, the upper
contact of a breccia-containing unit is gradationally or abruptly overlain by a planar stratified to
hummocky cross-stratified calcarenite bed.
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Plate 2.7: Breccia Plate:
A) Matrix supported breccia facies, note gray homogeneous matrix made from sheared and
comminuted microbial laminites and thin calcisiltite beds; light and dark slender clasts with high
aspect ratios made from pieces of ripped up and brecciated IRRL; rough, bedding-parallel align-
ment to clasts. Cm scale at base.
B) Truncated and deformed margin of stratigraphy enveloped by matrix supported breccia. Note
possible bedding parallel alignment of clasts within area highlighted by the dashed line. This hor-
izontal imbrication could have resulted as the entire mass was sheared from left to right; the ver-
tically oriented clasts below the line indicate an area of stagnation and recirculation of the brecci-
ated material in the 'wake' of the more rigid plug of deformed stratigraphy at the left.
C) Grading and sheared 'blobs' of calcarenite in Matrix Supported Breccia. Note the bedding par-
allel alignment to clasts and definite upward change in breccia character towards top. Clasts lose
orientation in the horizon with blobs, implying a different flow pattern to the top. This may be
the preserved rigid-plug of material found in Bingham materials where the critical shear stress
threshold has not been exceeded and therefore no strain occurs.
D) Cross-cutting relations in breccia facies. Deformation within thin bedded calcisiltite and irreg-
ular laminites is taken as evidence for some sort of either early cementation or organic based
cohesion to sediments. Note: commonly observed thin bed at base that brecciation processes
grind out on; truncation and deformation in early cemented beds at left; deformed chaotic breccia
at center that pinches out towards the right, above and below the invaginating pointed bed at the
center.
E) Sharply truncated deformed vertical margin of thinly laminated IRRL against matrix support-
ed breccia. Note crumpled nature to deformation, yet also sharp margin, this sharp truncation
could have occurred under a strong vertically oriented shearing force .
F) More truncation and deformation of thinly laminated stratigraphy.
G) Larger-scale deformation of stratigraphy along a basal 'sliding carpet' approximately half way
up Jake stake at right. Note basal detachment horizon and internal deformation within brecciated,
sheared and deformed interval. Note large interfingering wedges of material and compare to
scale of features shown in B, D, F, & H of this plate.
H) More deformation features within breccia. Note shape of large 'slabs' at center that may have
been pulled apart, and nature of deformation within center of photo. Note how at top center lami-
nated stratigraphy transits to the right into brecciated material with large dark deformed bed at far
right.
I) Soft sediment deformation in calcarenite sediments. This type of deformation is more charac-
teristic for those sediments that do not possess much cohesion and tend not to form the lath-
shaped intraclasts of the breccias shown on this plate.
J) Upwards fining and grading sequence in matrix supported breccia. These features result dur-
ing the waning portion of the breccia-causing event and record a gradual temporal decrease in the
strength of seabottom shear stress as the swell stirred since the storm subsides.
K) Large-scale incised channel of brecciation at Lower-Upper Breccia unit contact. These are the
only strongly incisional channels found in all of the Hoogland and are thickest in the southeastern
portions of the far eastern Koedoe Pad canyon. Orientations of channels are north by northwest,
approximately normal to the pinchout of Upper Grainstone Unit.
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The form-concordant breccias described above pass laterally, over scales of tens of
meters, into breccias of identical lithological character but which are significantly discordant
over thicknesses of decimeters to a few meters. These bedding-discordant breccias commonly
parallel beds of coarse-grained lithology, usually intraclast conglomerate bed
grainstone/packstone, yet crosscut and otherwise disrupt the strata above and adjacent to these
coarser-grained beds (Breccia Plate 2.7.D&G). The laminated blocks within these advected
coarser beds are often rotated by 10-20 degrees and float within the breccia matrix. Breccias
exhibiting complex cross-cutting relationships do not show a systematic relationship to overlying
beds as in the case of form-concordant breccias which often are overlain by stratified
grainstones.
The larger-scale disruption, stratigraphic occurrence of these breccia facies, and their
utility as a stratigraphic tool to constrain the direction of accommodation change is discussed in
Chapter 3.
Interpretation
The outcrop-scale field relationships and sedimentology of the breccia facies point to a
catastrophic origin for all breccias. The breccia facies is characteristic of submarine debris flow
deposits, in that the intraclasts generally appear to have been supported by the strength of the
matrix at the time of emplacement. These clasts of the breccia units are derived from reworking
of previously deposited irregular laminites. Clasts were partially lithified early because they
commonly possess broken boundaries and are not bent (Plate 2.6.A,&B). In contrast, however,
thicker muddy laminae within these microbial laminites may not have been lithified early and so
these were mobilized to form the lighter grey breccia matrix.
II
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High basal shear stresses are invoked here as the entrainment mechanism to rip-up and
entrain the lath-shaped intraclasts of Irregular Laminite facies in the carbonate matrix. Locations
where the processes of brecciation were carried through incompletely reveal that significant
stresses were required in order to penetratively disrupt the host sediments. The sharp, erosional
truncations of the intact strata adjacent to the breccias also imply rapid breccia emplacement with
a high associated erosive energy. Thus, whatever mechanism is responsible for the creation and
emplacement of the breccias must be able to account for the suspension of platy clasts,
homogenization of sediments to create the matrix, and the erosion and deformation of host strata
into which the breccias are emplaced. Such deposits therefore require either an in situ
mechanism for brecciation (Smith, 1999) or were created in a location away from the plane of
outcrop and invoke a complex subsurface emplacement mechanism.
The partial early (pre-brecciation) lithification of the strata into which the breccias were
emplaced is supported by numerous lines of evidence. Plastically-deformed, crumpled
autochthonous bedding and laminations at the margins of the breccia are indicative of cohesive
strength for the host strata. Large decimeter-scale clasts of fine to medium grained Irregular
Laminite clasts and whole intact intraclast grainstone/packstone beds incorporated into the
breccia also attest to partial lithification of the adjacent strata. Early lithification is also indicated
by the retention of fine internal laminations within the small clasts which comprise the breccia
framework, as well as their high aspect ratios (Plate 2.7.D,E,&F).
This cohesion coupled with thin laminated stratigraphy could have acted to impart a
Bingham-type critical-threshold rheology to the pre-brecciated intact autochthonous stratigraphy.
Once the threshold shear stress for the event causing the disruption and brecciation subsides
below this threshold the slurried mix of sheared sediments and macerated microbial laminites
locks-up and preserves the evidence for incipient brecciation. Because of the relatively similar
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specific gravities between the breccia matrix and the large laminated blocks, these blocks do not
settle out and occur floating within the brecciated matrix.
Cyclic Wave Loading
The process of cyclic wave loading invoked by Seguret (2001) to explain coarse
brecciation in deepwater upper Jurassic carbonates of the South-East basin, France, may be
partly invoked to explain some of the features observed. Cyclic wave loading of the seafloor
entails the cyclic displacement of sub-surface sediments (Suhayda, 1977) such that slow shear
stresses strain the strata and liquefy the muds as pore pressures increase (Clukey et al., 1985;
Kraft et al., 1985). This slow progressive strain deformation resulted in floating rafts of intact
stratigraphy observed by (Seguret et al., 2001).
In contrast to the breccias of Seguret (2001) the Hoogland breccias are believed to
possess more severe disruption and have been created under more catastrophic conditions. The
greater scale and more disruptive and severe nature of brecciation between the Namibian and
French breccias is consistent with the studied portions of the Hoogland being shallower than
those examined in France. At these shallower water depths the strength of the wave induced
shear stresses would be greater, even accounting for the greater attenuation of longer, deeper
water waves, compared to shallower water waves of shorter wavelength and period.
This process of wave loading of the sediment by cyclic application of shear stresses likely
played a role in the formation of the Namibian breccias. However, the interpretation of massive
relatively sudden failure to produce some of the observed crumpled, vertical to sub-vertical, and
sharp margins is better explained by the sudden crossing of a threshold for deformation. The
wave loading may have been the force that brought the strata to the threshold. The continued
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application of shear stresses, coupled with contributions from gravitational forces, then created
more disruption until the storm waned and the wave climate (Madsen, 1974) returned to fair
weather conditions. This waning phase also explains the rippled and common upwards fining
and gradation occasionally observed at the tops of breccia units.
Evidence For Storm Origins of the Breccias
A storm hypothesis for the origin of the breccia deposits is favored for several reasons: 1)
strong evidence for a storm-dominated depositional regime across the Hoogland ramp
(hummocky cross stratification, rip-up intraclastic clast supported conglomerates, and graded
event beds; see Plates: 2.1, 2.2, 2.3, 2.4, 2.6, 2.7). It is significant that breccias commonly are
capped by beds inferred to have been deposited in the presence of sustained oscillatory shear and
high bed shear stress, characteristic of storms. 2) paleoslopes on the ramp were very gentle (<
1-20), precluding slumps and other slope processes as a significant causal mechanism. Although
some shallow water debris flow deposits are known to exist on slopes of less than 1 (Myrow and
Hiscott, 1991), they do not express the intrusive and cross-cutting relationships of the Namibian
breccias (P. Myrow, pers. comm., 2000). However, it is possible that gentle slopes helped
breccia development following triggering by the strong shearing of sustained storm waves. 3)
Deposits do not express soft-sediment deformation features typical of catastrophic fluid escape
(Lowe, 1975; Mills, 1983; van Loon and Brodzikowski, 1987), 4) seismically-induced
liquefaction features are not observed (Seilacher, 1984; Obermeier, 1996; Obermeier, 1996b;
Obermeier, 1998; Obermeier, 1999; Li Y., 1995).
An interesting association is present in that the highest degree of brecciation occurs in
stratigraphic positions directly above thick portions of the Lower Grainstone unit. The
topography developed along the clinoformed shoals of grainstone and calcarenite could have had
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an effect on slope morphology long after burial and diagenesis. The massive grainy carbonate
shoals in up-dip positions contain much less shale than down dip portions of the ramp, and can
be expected to have been cemented relatively early. These factors would act to increase the
differential compaction experienced along the ramp for an interval of time after the deposition of
the thick, compaction-resistant, limestones. Distal portions of the ramp, due to an overall higher
proportion fine grained carbonate and siliclastic sediment, would experience more compaction
and act to increase the effective slope of the ramp in up-dip positions that do not contain as much
shale. These potential effects of differential compaction as they are believed to control overall
ramp morphology and architectural development are further discussed in Chapter 3.
Alternative Mechanisms
The type of sediment deformation feature preserves information about the time scales
over which fluid-escape and dewatering occurred. Features such as convolute bedding, soft-
sediment folds, and dish and pillar structures are indicative of a slower fluid and sediment
migration than clastic dikes and sand volcanoes that represent a more catastrophic dewatering.
The latter are the products of fluidization of the sediments, which occurs as shear-stresses from
earthquake shaking cause a catastrophic repacking of the sediment, expelling the pore-water, and
thereby increasing the pore-pressure. If the drag exerted by the moving fluid is sufficient to
suspend or lift sediment grains then fluidization of the sediment occurs (Lowe, 1975;
Obermeier, 1996a; Obermeier, 1996b; Obermeier, 1999).
The importance of stratigraphy in determining which types of sediments and successions
are prone to soft-sediment deformations has been recognized by Lowe (1975) and Obermeier
(1996). A saturated substrate of unconsolidated sands and gravels are required underneath a
lower-permeability, nonliquefiable cap for liquefaction and fluidization processes to occur. This
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lower permeability confining cap is necessary to allow for the attendant increase in pore pressure
and subsequent fluid migration upon repacking of the grains.
Seismically induced liquefaction features are well known from modem environments on
land and in the shallow marine realm (Li et al., 1995; Munson et al., 1983; Obermeier, 1996a;
Obermeier, 1996b; Obermeier, 1998; Obermeier, 1999). However, positive identification of
those features clearly related to seismic events in the rock record can be tenuous at best
(Seilacher 1984). Common features of Holocene liquefaction include vertically-walled clastic
dikes, sand craters, vented sand, and sills; all are evidence of rapid upward fluidized sediment
migration (Obermeier, 1996a, 1996b; Li and others, 1995; Munson and others, 1995).
The breccia units are not believed to be products of catastrophic fluid escape or seismic
liquefaction for several reasons. First, no clear fluid escape structures were recognized in the
deposits examined. The deformation resulting from fluid escape generally record only vertical
movement of fluids and sediment, even in strongly heterogeneous strata (Brodzikowski et al.,
1997). Additionally, partially lithified sediments are not prone to liquefaction and fluidization.
Liquefaction and fluidization is inherently produced by an increase in pore pressure brought
about by the repacking of grains; partially cemented, semi-lithified strata are not as susceptible to
this repacking. In the carbonates of the Kuibis subgroup early diagenesis was very likely to have
cemented these strata into mechanically cohesive units that would be more resistant to repacking
brought on by gravitational loading or earthquakes.
While the absence of evidence for any particular feature is not absolute evidence of its
absence, many hundreds of meters of Hoogland breccia deposits were walked out and revealed
very few structures associated with fluidization of unconsolidated sediment. Nearly all appeared
to have been at least partially lithified at the time of brecciation. Also there was a conspicuous
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absence of features that indicate a dominantly vertical movement of fluidized sediments that
would be expected during upwards migration from areas of higher lithostatic and hydrostatic
pressure to areas of lowered pressures.
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INTRODUCTION
The working hypothesis of this thesis is that the Hoogland carbonate platform, and
perhaps others in general, undergo a morphologic evolution in time that results from a
competition between nucleation and roughening of the sea floor versus covering, smothering,
and smoothing of the sea floor across a broad range of length and time scales; and that
interactions and feedbacks across these scales are critically important in controlling long-term
platform evolution (Plates 1.2 & 1.3). The second chapter of this thesis discussed the textures
and processes which were important in morphogenesis at the shortest length scales and time
scales. The current chapter builds upon these earlier facies descriptions and interpretationsof the
previous chapter and relies heavily on the use of the facies transitions described there(Plate 1.4)
to determine and interpret sequence and parasequence architecture. These two larger scales of
observation and stratigraphic organization of the present chapter supplement the lamination and
bed scale analysis presented in the previous Chapter 2 (Facies).
In other studies of carbonate platform evolution, parasequence and sequence scale
architecture is often considered independently of facies architecture (e.g. Osleger and Tinker,
1999). Studies do exist that place the cyclostratigraphy in terms of larger scale accommodation
change (Saller et al., 1999) however, these do not relate the cycles back to the overall platform
morphology. There is an overlap of processes between the physical length scales (lamina ->
sequence), and the time they represent, that produced the features observed within the varied
morphologies of the Hoogland platform. The general processes of surface-roughening growth
and accretion, offset by surface-smoothing "covering and smothering" operate across this
process bandwidth and their interactions are critically important in establishing the stratal
geometries preserved in the Hoogland Member (Plates 1.2 & 1.3). The goal of this chapter is to
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provide a description of the architectural patterns and relate these patterns to the processes acting
at scales larger than the facies scale.
Methods, Approaches, and Limitations in the Stratigraphic Subdivision and
Interpretation of the Hoogland Member
Conventions for section logging
To begin with, the Hoogland Member within the study area is generally characterized by
discrete beds ranging in thickness from a few millimeters to a few decimeters. Massive bedding
and amalgamation are present, however the dominant individual bed thickness distribution falls
below 20cm (e.g., Plates: 1.2.B,C,D; 2.2.A-H; 2.3.C&S; 2.4.H-L). This thin bedding presents a
significant challenge in data collection in terms of the trade off between stratigraphic detail and
areal coverage of measured sections and lateral mapping of key intervals. Consequently, using
the results of Smith (1999) as a guide, a decision was made to establish a lower cutoff for bed
thickness of 10 cm. Beds thinner than this were grouped with similar facies into intervals
approximately 10cm thick. For intervals characterized by bedding at scale less than 10 cm, an
'average' facies within this interval was estimated and recorded. In the recorded logs these
averaged intervals are recorded according to the more abundant facies with the less abundant
facies listed as interbeds or interlaminations. For example, a shale dominated interval containing
a few thick laminations of featureless lime mudstone was recorded as: "shale, thickly
interlaminated with massive lime mudstone." Individual storm event or other
sedimetologically/stratigraphically unique beds within a more uniform 'matrix' of stratigraphy
(e.g., intraclastic conglomerate beds interbedded within Splotchy Laminites) were noted and
used as chronostratigraphic horizons within that interval. Thicknesses were rounded to the
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nearest 5cm for ease of plotting. Facies presented on any given vertical section are considered to
be accurate to the scale of 5-10cm.
Assignment of Parasequence Boundaries
The Hoogland Member is similar to other large carbonate platforms in that it is easily
divisible into small-scale parasequences (or "cycles", "PACS", "genetic units", etc.: Cross, 1988;
Goodwin and Anderson, 1985; Grotzinger, 1986a; James, 1984; Read, 1973). These
parasequences form the basic building blocks of the platform, and systematic trends in their
long-term stacking patterns allow larger scale time-stratigraphic units to be delineated, including
those of Precambrian and early Cambrian age (Adams and Grotzinger, 1996; Grotzinger, 1986a).
The symmetry in vertical successions of facies can be recorded (e.g. shallowing up, deepening
up, shallow-4deep-4shallow, etc.), along with a notation of inferred accommodation history
(accommodation increasing; decreasing; etc.). This determination of vertical symmetry is greatly
facilitated by the well-constrained facies model for laminae top surface roughness(Plate 1.4) and
the ability to laterally trace parasequences unambiguously for distances greater than the scales of
facies change.
Unfortunately, a substantial assumption is involved in the assignment of accommodation
changes, because the record of facies is the result of the ratio of sediment flux to accommodation
change, and so one must assume a value of sediment flux in order to obtain a value for
accommodation. Whereas the sediment flux term is often assumed as constant (Cross, 1988; e.g.
Mettraux et al., 1999), in the case of the Hoogland this may well not be the case as discussed
below when certain times of Hoogland deposition saw differing lateral extents of the carbonate
factory. Nevertheless, for many cases the method works well for illustrating the basic patterns of
organization regardless of their genetic significance. Insomuch as the former is the basic
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objective of the descriptive analysis presented here, it is reasonable to adopt the approach for that
purpose. The method provides a quick and simple means to visualize the relative rates and
asymmetry of accommodation cycles as interpreted from upward trends in bedding at the
individual parasequence scale, and parasequence stacking at the larger genetic or depositional
sequence-scale.
Estimation of Relative Water Depths
The absolute magnitude of water depth changes associated with sequence and
parasequence boundaries cannot be determined in subtidal facies of the Hoogland. A relative
water depth change can be inferred based on the lamination style, grain type, and by comparison
to the facies model presented in the previous chapter. However, there were no indicators of
absolute water depth observed in this entirely subtidal sequence. Such a paucity of pinning
points precludes precise calculations of paleoslopes and absolute sea level fluctuations
experienced during deposition of a parasequence.
The surface roughness expressed by laminae of the Irregular and Splotchy Laminite
facies provided the means to document the relative changes in waterdepths within and between
each parasequence. Along a given chronostratigraphic horizon the laminites in a more down dip
position have a rougher top-surface laminae texture (c.f. Plate 2.3.A w/ Plate 2.4.A). Therefore,
if the laminite facies immediately below a parasequence flooding surface appear to roughen
upwards between successive stacked parasequences then this is interpreted as an overall
backstepping trend brought about by deposition during accommodation increase in the
transgressive systems tract (TST).
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The degree of disruption and 'intensity' of the intraclastic event beds provides an
additional means for analysis of parasequence stacking patterns and accommodation history. For
example, an upward decrease in bed thickness of event beds within a set of parasequences along
a given vertical profile implies a backstepping motif. This is confirmed through down-dip
tracing of individual parasequences and observations of the progressive thinning of individual
event beds as traced along chronostratigraphic surfaces and beds (e.g. volcanic ashes).
Nevertheless, the demonstrated down-dip thinning of event beds within individual parasequences
strongly indicates that bed thickness is inversely proportional to water depth. Therefore, the
simplest interpretation of the long-term trends observed in vertical parasequence sets is that they
relate to long-term variations in water depth.
Limitations of Study Area Size
The main Tsarisberge field area has dimensions of approximately 30km by 30km (Plate
1.1 .A-E). While the 900 square kilometers of ramp is indeed extensive it does not cover the full
range of depositional environments from shoreline to basin plain, which occurred over >200 km
of dip direction, as measured from Zaris Pass (updip limit of ramp) to Slangpoortrant Mountain
at Dreidoornvlagte (downdip limit of ramp at leading edge of Naukluft thrust belt). Peritidal or
beach facies are not present within the most up-dip positions in the study area, even during the
most forestepped times on the platform. Similarly, at the northern, most basinward side of the
study area, Hoogland carbonate facies are observed to extend into the subsurface under the
shales of the interfingering and overlying Urikos Member of the Schwarzrand Subgroup; these
siliciclastics are characterized as distal shoreface facies, deposited within reach of storm base.
The study does not contain any evidence for sustained submergence beneath storm wave base,
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though the most distal areas, at times of maximum flooding show little or no evidence of wave-
induced reworking of sediment.
The distribution of outcrop, measured sections and traced intervals within the field area
provides a fairly comprehensive record of facies relationships that represent contemporaneous
subtidal depositional environments ranging from high-energy shoals (trough crossbedded coarse
grainstones) to outer-ramp (sub-wave base) silt and mud suspension deposits (Plate 1.4).
However, this partial view of an entire terminal Proterozoic carbonate depositional system limits
the analysis and more comprehensive interpretations that could be obtained from a more
complete exposure of the system. Most notably, the outcrop distribution prevents tracing of
subtidal depositional environments up-dip into temporally-equivalent peritidal environments and
the determination of the largest, entire basinal-scale morphology of the ramp.
Lithostratigraphic Subdivision of Hoogland Member
The stratigraphy of the Hoogland Member is differentiated into five units grouped
according to their dominant lithofacies assemblages. In ascending order these are the
Heterolithic, Gametrail, Lower Grainstone, Breccia, and Upper Grainstone units (Plates: 3.1;3.2;
3.3; 3.4; 3.5; 3.6; 3.10). Each unit is described in terms of the facies it contains, how these facies
are organized into parasequences, trends in parasequence stacking patterns ( i.e. forestepping,
backstepping, or aggradational), and the lateral continuity and extent of facies within each unit.
The stratigraphic architecture for each unit is then presented and discussed. The architectural
interpretations presented below attempt to place the lithostratigraphic observations into the
established framework and lexicon of relative sea level and carbonate production changes to
explain the parasequence stacking and architectural trends generally observed within other rock
S iBChapter 3: Stratigr y
144
Chanter 3: Strati ranhv S~ Diflenedetto
successions (Christie-Blick and others, 1995; Galloway, 1989; Handford and Loucks, 1993;
Harris et al., 1999; Loucks and Sarg, 1993; Christie-Blick and Driscoll, 1995; Posamentier and
Wilgus, 1988; Sarg, 1988; Van Wagoner et al., 1988; Wilgus et al., 1988).
At canyon-scale the boundaries between units of the Hoogland Member are recognizable
as prominent changes in the weathered profile (Plates 3.1;3.2;3.6;3. 10). Those units that have a
high proportion of shale interbeds (Heterolithic Unit) or contain shale-based parasequences
(Breccia Unit) tend to form recessive slopes containing benches of more resistant carbonate. The
more carbonate-rich units (Lower and Upper Grainstone, and Gametrail Units) are cliff or ledge-
formers. To a first order approximation, the topography of local slopes within the canyon system
of the Tsarisberge field area is controlled by these transitions within the Hoogland Member. The
more subdued, rounded hills and rolling topography in the northern, shale-dominated down-dip
positions transit southward into 300 meter-deep canyons incised into the more resistant
limestones that represent paleogeographically up-dip platform positions. The inner recesses of
the most southerly canyons are marked by 50 meter-high cliffs which reflect up-dip thickening of
the two grainstone units (Plates: 3.1.D & 3.6).
The lithostratigraphic unit differentiation presented here involves the definition of
boundaries which often have chronostratigraphic significance. However, there are a few cases
where unit boundaries are observed to cross-cut time-lines within the stratigraphy. This occurs
at the pinchouts of the two grainstone units and is discussed below (Plate 3.1.D; 3.6).
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Plate 3.1: Stratigraphy of the Hoogland Member.
A) Photopan of Tsarisberge field area looking South from 850 Road approximately 1.5 km west of Zebra River Lodge gate. This panorama illustrates all
the units of the Hoogland and much of the underlying Omkyk Member. Presented on the photo are the significant surfaces and parasequences that were
traced and correlated throughout the entire range of exposure. The same color scheme is used throughout this thesis. Compare intervals bracketed by the
same honzons throughout all the photopans. Note particularly the interval between the blue dashed line representing a storm event horizon, and the purpleline which is a regionally extensive shale marker horizon. Within this particular photopan note the general weathered profile to the Hoogland. The basal
shale-rich Heterolitic Unit is a recessive slope former overlain by the Gametrail Member, a ledgy carbonate rich interval of shoaling upward parasequences
apparent in the outcrop view. In up-dip positions the Gametrail is overlain by a massive cliff-forming, southward thickening wedge of coarse to granulitic
sized grainstone. Down-dip of the Lower Grainstone unit's pinchout the shaley Breccia Unit overlies the Gametrail Unit. The Breccia unit is the thickest
unit of the Hoogland and contains the widest variety of facies. It is broken into two subunits the lower and upper separated by a prominent transgressive orflooding surface. Preserved within the entire Breccia Unit is an overall net decrease in the proportion of carbonate and an increase in the amount of shale
found at the bases of parasequences that can be traced up-dip into enigmatic matrix supported breccia deposits. The Upper Grainstone unit is the topmost
unit and forms a southward thickening cliff that contains a surface where a change in the bedding style and thickness occurs from massive to thinnerbedding. Also above this interval a backstepping in the clinoform stacking patterns occurs.
B&C) Pans looking SW at eastern wall of main Fig Tree Grove Canyon. Here the lower grainstone is absent, and the shale of the basal breccia
parasequence has thickened. The calcarenites and grainstones found adjacent to the storm event bed up dip as in photo C of the Lower Grainstone Plate 2.1
are here at the right hand side of the photopan Splotchy Laminites. Note the general thickening down dip in the Breccia Unit as an increases in the amount
of shale at the bases of parasequences. The thickening is especially apparent in the interval above the top of the LRRT parasequence. The northward down-
dip pinchout of Upper Grainstone is apparent as is the breaking of chronostratigraphic horizons for lithostratigraphy. Over the entire coverage of these
photopans the facies immediately adjacent to the 548 ash bed horizon do not change significantly in their sedimentological characteristics. Compare extent
and proportion of carbonate in cliffy-weathering microbial mat 'lawn' of Gametrail with shale-based parasequences of Breccia Unit within this figure and
also between the other photopans.
D) Pan of canyon wall in Fig Tree Grove Canyon. Note here the transition and pinchout of the thick cliff-forming Lower Grainstone Unit into a trio of
thinning upwards parasequences. The basal member of this trio was extensively traced and correlated throughout the field area and serves as an important 
-
datum and chronostratigraphic horizon for correlation and analysis of the distributions of characteristic lengthscales of facies belts. The image illustrates
the paradox of the pinchout of the Lower Grainstone Unit. Below the purple shale marker horizon the parasequences of the upper Gametrail are
aggradationally stacked, above this shale horizon the stacking motif switches from aggradational to backstepping. However, during this backstepping a
progradation of the coarse to granulitic grained Lower Grainstone Unit occurs. This relationship preserves a flux induced progradation during an overall
time of backstepping. In further down-dip portions of the ramp where the lower Grainstone Unit is absent there is no evidence for this progradation, and
the time represented by that grainstone depositional event is recorded as a surface of disconformity. See text for further discussion.
E) View northeast down-dip in Zebra Pad Canyon. Note here the general weathered profile of the Hoogland, especially the slope forming shale rich
Heterolitic, the parallel, aggradationally stacked parasequences of the Gametrail Unit. Also the northward up-dip increase in carbonate surrounding the
blue dashed storm event horizon.
F) Smaller-scale view of eastern wall of Zebra Pad Canyon. Note pinchout of Upper Grainstone unit and parasequences within the Gametrail Unit.
G) View down-dip illustrating the pinchout of the Upper Grainstone and generalized stratigraphy of the Hoogland. Note the surface in the middle of the
Upper Grainstone cliff above which bedding thickness decreases. See the LRRT plate and text for more on this topic.
H) View of Canyons east of above to illustrate general stratigraphy of Hoogland. Note how most units in this more eastern shot seem similar to those in
the previous photopans attesting to the large lengthscales of lateral continuity especially within the Heterolithic and Breccia Units.
I) View west onto the eastern most exposures of the Breccia Unit. Note the generalized stratigraphy and compare with previous images.
J) Pan canyon wall to illustrate the stratigraphy of the lower Hoogland. Note the presence of the Lower Grainstone Unit and the general stratigraphy.
K) Note the presence of possible parasequences within the basal Heterolitic Unit, the parasequences of the Gametrail member and the massive bedding of
the topmost dark cliffs of the Lower Grainstone Unit. Here the upper Gametrail Unit contains higher proportion of calcarenite and fine grained grainstones
than in locations further east. Compare the interval between the purple dashed shale marker horizon and the base of the Lower Grainstone with other
photopans. Location of 'Lava Lamp' outcrop noted by 'LL' (see Calcarenite/Plate 2.2.G).
L) View south upper Omkyk Member, Heterolithic and Gametrail Units. Note that the Lower Grainstone is absent at this locality due to the observed and
traced pinchout up-dip. This photo conclusively demonstrates that the uppermost Gametrail Unit in the northwestern regions of the study area is NOT
made of grainstone and consists of Irregular Microbial Laminites and thin to medium intraclastic conglomerate beds because of the observed pinchout.
Note the patch reefs within the "black and tan" biostrome marker unit at the Omkyk-Hoogland contact.
M) Interpreted LANDSAT image of Tsarisberge showing coverage of photopans, and the generalized regional geology. The northeast regional dip of
approximately 4' is manifest within the large scale geology as the brown and red basement rocks to the southwest overlain by the blue and white carbon-
ates of the Kuibis Subgroup that are inturn overlain by the siliclastic shallow marine flysch of the Schwarzrand Subgroup to the Northeast
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HETEROLITHIC UNIT
Description
The basal unit of the Hoogland is recognized at regional scale as the recessive
slope-forming unit directly above the prominent dolomitized upper-biostrome and
grainstone unit of the underlying Omkyk Member of the Kuibis Subgroup (Plates
3.1 .G,I,J,K,L; 3.2.A,&G; 3.6.Q&R). The Heterolithic Unit's basal contact coincides with
the top of the biostrome horizon where the lithofacies become finer grained and more
thinly bedded. The thin bedded shales and splotchy laminites of the Heterolithic smother
the relief of the reef growth along the top of the Omkyk (Plate 3.2.G). The Heterolithic's
top is defined by a decrease in the proportion of shale, disappearance of Splotchy
Laminites, appearance of the more smoothly-laminated Irregular Laminites, overall
bedding thickness increase, coarsening in the clastic carbonate facies, and an increase in
the frequency and thickness distributions of intraclastic conglomerate beds (Plates: 3.5;
3.6.)
The position of this upper lithostratigraphic boundary is often difficult to
determine exactly at decimeter-scale, as there is often a gradation upwards in bedding
trends (Plates: 3.1 .K&L; 3.2.A-D). However, at some localities the contact is sharp,
marked by the abrupt disappearance of shales, increase in proportion of carbonate
sediments, and the attendant thickening of storm-event beds (Plate 3.2.C).
The unit contains a heterolithic lithofacies assemblage of thin to medium
interbedded Splotchy Laminite, shales, lime-mudstones, and rare calcarenites (see 0-37m
on Plate 3.3, and Plate 3.2). Overall, the sediments are finer grained than those found in
the underlying Omkyk Member and overlying Gametrail Unit. Sedimentary features
within this unit consist of massive thin to medium calcisiltite beds, rare oscillatory wave
ripples (Plate 2.5.J), and elongate stromatolitic bioherms. Bedding thickness is generally
thin to medium, with rare thick amalgamated beds up to 50cm of more carbonate-rich
Splotchy Laminite (Plate 3.2.F).
ii
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Plate 3.2 LOWER HOOGLAND: A) Outcrop photograph of lower Hoogland. Note shoaling from the shale-rich
thin-bedding of basal Heterolithic Unit into more massive carbonate-dominated thicker-bedded stratigraphy of
the Gametrail Unit culminating with the capping dark colored massively bedded Lower Grainstone unit. Note
the cyclically arranged potential parasequence patterns within the Heterolithic unit. This shoaling within the
lower Hoogland is presumed to preserve an accommodation cycle commencing with the sequence boundary at
or directly adjacent to the Omkyk-Hoogland contact where accommodation was at a minimum. Accommodation
increase is preserved within the shaley Heterolithic unit to the uppermost Heterolithic to lower Gametrail where
direction of accommodation creation is interpreted to change from increasing to decreasing. This decreasing
trend of accommodation continues until the sequence boundary at the prominent shale marker horizon. Above
this surface in more eastern localities a backstepping is documented, during which the development of a massive
clinoformed grainstone shoal forms. Within up-dip positions the appearance of the grainstone argues for accom-
modation to continue its decrease above the shale sequence boundary, while temporally equivalent intervals
down dip show a disconformity and relative increase of accommodation in backstepping parasequence sets (see
Text, Middle Hoogland Plate, and Cross Sections for more illustration and discussion on this interesting
interval). This western outcrop contains a thicker succession of calcarenites bracketed by the shale horizon and
the lower Grainstone Unit than in more easterly localities. The 'Lava Lamp' outcrops of disrupted, selectively
dolomitized calcarenites illustrated in Calcarenite Plate G and 97-104m on section 9B are found at the right side
of this outcrop, below the lower Grainstone unit ('LL'). See I of this plate for location of outcrop.
B, C, &D)Three outcrop photographs of lower Hoogland that illustrate shoaling trend and change in facies and
bedding style observed within Heterolithic to GameTrail unit transition. In all three note the presence of thinner
bedded shaley strata at base that grades upwards into thicker bedded carbonate-dominated stratigraphy. The
Heterolithic-Gametrail lithostratigraphic contact (dashed red line) is placed where bedding style begins to thick-
en and shaley interbeds disappear. At the outcrop and bed scale this contact is often difficult to place exactly
(center photo), however at canyon-scale the contact is placed based on the weathered profile where the shaley
slope forming units transit into more benchy prominent weathering outcrops (left photo). In some western out-
crops this contact is very sharp (right photo). The parasequences delineated by the inverted cones are defined by
a higher proportion of thin lime mudstone beds that thicken and coarsen upwards into medium to thick interbeds
of intraclastic conglomerate and hummocky to planar-laminated calcarenite beds. These are interpreted to result
from the relative lowering of sealevel and associated basinward shift of facies belts involved with a relative
decrease in accommodation. . A relative lowering of sea-level or decrease in accommodation space brought
about by a non-unique combination of eustatic change, changes in the rates and magnitudes of tectonic
subsidence, and shallowing due to the filling of accommodation space by the products of primary carbonate pro-
duction on the ramp can be used to explain the upward facial change measured and traced within these sections
(see text for discussion).
E) Outcrop photograph of Heterolithic Unit showing the thin to massive interbedding of shales and more carbon-
ate-rich intervals of Splotchy Laminite and calcisiltites. Despite the heterolithicness and thin bedding observed
within this unit, individual beds adjacent to the 548 Ash Horizon can be traced and correlated over 10km dis-
tances that exhibit very little change in their sedimentological characteristics. Lateral continuities of facies with-
in this unit are the greatest of the entire Hoogland. White box represents the size of outcrop photograph in adja-
cent photo, although not the actual location of the adjacent photograph.
F)" Zoom in" of outcrop photo of typical Heterolithic Unit bedding style. Note thin beds of lighter colored car-
bonates interbedded with darker shales. Carbonate facies consist of dominantly of massive calcisiltite and
Splotchy Laminite, with rare occurrences of calcarenites. Also, the isolated lenses (starved ripples ??) or domes
of calcisiltite within shale at horizon of tape measure. This is NOT the same outcrop as boxed in the photo to
left.
G) Compaction in lower Heterolithic unit over and around a patch reef at Omkyk - Hoogland contact within
head of Ashsoar Canyon. Note high dip of heterolithic interbeds at right of reef and how topography produced
by reef has been smoothed within approximately one thickness of the reef. The placement of highly-compactable
shale-rich interbeds above the corrugated surface left at the end of Omkyk times likely acted to preclude the
development and inheritance of antecedent topography. Compare this scale of covering and smothering with that
observed at the individual laminae-scale of the Irregular Laminite and Splotchy Laminite Plates.
H) Tapered margins of a small-scale stromatolitic buildup within lower Heterolithic Unit. Note parallel uniform
thickness to strata above and below bioherm and scale over which topography is damped by thin to medium
shale-carbonate interbeds. Bioherms such as this are only found within the basal 5-7m of the Heterolithic unit
and are interpreted to have been deposited during times of increasing accommodation. Contrast has been digital-
ly manipulated to enhance features.
I) LANDSAT of Tsarisberge Study Area showing locations of photographs in this Plate.
II
160
40
Lithostratigraphic
- - - - -Boundary9 '( Chronostratigraphic
- - Horizon
I.. mm. Accom-
ymax- i odation
min ec.
6 J 2 ..- 20m
161
II
162
- I - -
-~~ #t.z.~#v %A .~,Y' ~
163
II
Chanter 3: Stratigr yhv S Di
Parasequences of the Heterolithic
Presentation of the presence and processes possibly preserved producing
parasequences is potentially problematic to provide or prove. Photopans of outcrops
faces of the Heterolithic Unit reveal a rhythmic (cyclic?) weathering pattern (Plate
3. 1.K,L; Plate 3.2.A,C,D,&E). However, at the outcrop and measured section scale none
were confidently determined and traced laterally for any significant distance between
outcrops. If cyclicity is present it is likely to involve a thinner bedded shalier base
shoaling upwards into more carbonate dominated facies (possibly presented in Plate
3.2.A,C,&E). The thinly bedded heterolithic nature of this unit prohibits confident
determination of patterns associated with possible cyclicity within the unit. In general,
no obvious shoaling trends at the parasequence (2-5m) scale as manifest in the physical
sedimentary structures, nor in the roughness of the laminites, was confidently detected in
all the sections measured.
The presence of a distinctive ash bed (548.8 Ma; Grotzinger et al., 1995) within
the lower part of this unit allows for the unambiguous correlation of individual beds
adjacent to this chronostratigraphic horizon across the entire study area (and beyond; see
Smith, 1999). The results of bed tracing along this interval show that despite the
heterolithic and thin bedding that characterizes this unit, the lateral continuities of facies
and individual beds are the greatest of any Hoogland Unit (facies gradients are the
lowest). Individual thin beds can be traced and correlated for over 10 km that do not
exhibit a significant change in facies. The great lateral continuity also makes the
Ii
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delineation of parasequences difficult based on finding any erosional margins and tracing
them into the conformable correlative stratigraphy.
The lack of significant change in facies or expression of obvious cyclicity, despite
the significant thickness of the Heterolithic Unit indicates a highly aggradational stacking
pattern. Facies belts did not advance or retreat; however, toward the top of the unit its
transition into the Gametrail Unit signals a shift to a slightly more progradational
stacking pattern. Very likely the facies belts were not perfectly static, but demonstration
of the diachronous nature of the facies belts is not possible due to their large scale,
greater than that of the study area (30x30 km).
Il
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Plate 3.3 Reference Mesured Section.
This section is located approximately 1 km upcanyon from the parking area in the Fig Tree
Grove Canyon. Its relatively easy access and position within a mid ramp setting make it ideal for
use as the reference section. All major facies can be observed within this section and all the
lithostratigraphic contacts are well exposed, in fact nearly evey bed in the 200+m total sction is
exposed within a vertical swath of approximately 75 meters width from the small stream drain-
age that exposes the beds.
This measured section shows all the significant lithostratigarphuc contacts as dashed colored
lines. The color scheme is used consistently on all the interpreted photopans in this thesis and
hopefully serves to clearly illustrate the transitions along these important and prominent surfaces.
The hblue "Strom Event Bed" and red "LRRT" higlighted intervals are the parasequences thate
were traced throughtout the entire filed area and serve as the datums for the traces presented
within this thesis. However due to steep cliffs there is some section missing above the top of the
URRT through the Upper Grainstone Unit.
Note the coarsening upwards within the Heterolithic unit into the calcarenite and IRRL dominat-
ed Heterolithic Unit. This unit contines the shoaling trend into a paradoxical interval around the
Gametrail - Lower Grainstone and Breccia Unit contacts.
Because of the granular nature and storm domination of the ramp the horizontal scale is an
approximate grainsize estimation (Mud Silt Fine Medium Coarse Rudite).
Due to the thin to medium storm event bedding of the entire Hoogland, facies are depicted
graphically as combinations of the individual beds that are interbedded within that interval. For
example a grey background representing shale with a thin horizon of dots depicts calcarenite
interbedded within shale see text for furether discussion of the limitations in the stratigraphic
subdivision of the Hoogland Member.
For ease of plotting and analysis bedding was measured at an approximately 5cm scale with the
presence of thinner significant beds noted. and used as chronstratigraphic ties between sections.
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While the possibility for the presence of parasequences within the Hoogland is not
completely dismissed (see Plate 3.2.A&C), the lack of obvious changes in the stacking of
individual beds at the parasequence (2-5m) scale could therefore imply either that the
accommodation variations were not that significant or that the intrinsic carbonate
production (or deposition) was of a level great enough to be able to blanket the entire
30x30 km field area with the same type of sediment. Adams and Grotzinger (1996)
suggested that the lateral continuity of facies is tied to the intrinsic dynamics of sediment
production and that parasequence boundary development is based in the magnitude of
accommodation fluctuation. Large accommodation fluctuations relative to small
carbonate production results in laterally extensive parasequence boundaries, while
conversely small accommodation variations with large production results in
extensive facies belts (Adams and Grotzinger, 1996). The scale of the accommodation
changes to produce parasequences would therefore have occurred either at a rate below
the maximum carbonate production potential or be of an absolute amount under the
factory's ability to fill or otherwise respond to the change.
Stratigraphic Architecture
The internal architecture of the Heterolithic Unit does not vary markedly over the
range of outcrop studied, although there is a thickening observed in the western portions.
Within these western areas near sections 8E and 9D the reefs of the upper Omkyk
biostrome marker unit form isolated patch reefs of approximately 10 m-scale lateral
dimensions by 3-4m in height. The patch buildups result from deposition in greater water
depths and during times of accommodation increase (Grotzinger, 2000, in press) when
reefs were forced to build upward to avoid drowning, and decreased sediment flux
allowed rough topped microbial colonies to persist. This interpreted greater amount of
initial accommodation found in the western portions of the study area, above the patch
II
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reefs had significant impacts on the volume and type of carbonate sediments produced at
these locations, but at later times on the ramp during upper Gametrail and Lower
Grainstone Unit deposition (see discussion below).
The basal contact with the downdip Omkyk reefs does not exhibit any major signs
for either shallowing, and subaerial exposure, or erosion associated with transgression.
Similarly, the upper contact of the reef also lacks this evidence. Reef tops are abruptly
overlain by thin-bedded, fine-grained, splotchy laminites of the lower Heterolithic unit
which drape the terminal Omkyk reefs (Plate 3.2.G). The facies within the lower
Heterolithic Unit that immediately overlie the upper Omkyk biostrome marker horizon
extend without great paleoenvironmental change over both sheet and patch type reefs.
This points to the presence of a flooding surface - and depositional hiatus - which
allowed enough deepening to occur so that the seafloor was submerged beneath the range
of differential basal shear stress and flow regimes that produced the changes in
morphology of the reefs. This is consistent with observations by Grotzinger (In press) and
Smith (1999) illustrating the down-dip separation of a sheet-like biostrome into
individual patch bioherms and this indicates that deposition of the Heterolithic unit
occurred in relatively deep water, probably below fairweather wave base.
Other reefs at stratigraphically lower positions in the Omkyk Member are
similarly located above sequence boundaries and were associated with regimes of
increasing accommodation (Grotzinger, in press). This observation is also consistent
with deepening associated with a regime of increasing accommodation space creation
during earliest Hoogland times (Heterolithic Unit).
ii
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Accommodation increase in the Omkyk-Hoogland transition interval resulted in
transgression, termination of grainstone and reef deposition, and a significant reduction
in carbonate sedimentation rate due to the forced backstepping and shoreward migration
of the locus of carbonate production. Condensed sedimentation is marked by the
concentration of Cloudina shell hash deposits as winnowed lags within the lowermost
few meters of the Heterolithic Unit; these shell hash beds are the richest concentration of
Cloudina observed in the Kuibis platform, excepting reef-derived accumulations adjacent
to Omkyk buildups. With local sediment production greatly diminished the potential for
the Heterolithic Unit to fill available accommodation did not exist. Following
backstepping, sediment flux was low enough to retard progradation, resulting in an
aggradationally-stacked succession consisting of thinly laminated to bedded splotchy
laminites, massive lime mudstone beds, shales, and calcisiltite beds.
ii
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Plate 3.4: "Idealized" Parasequences of the Hoogland and their
generalized chronostratigraphic transitions.
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The maximum flooding surface (or interval) within the Heterolithic representing
the maximum landward incursion of sea level is difficult to place exactly and is not as
well constrained as in the overlying units of the Hoogland Member. Within these other
units, an individual parasequence or surface can be determined that serves as the
transition point between backstepping to forestepping parasequence stacking motifs.
Nevertheless, since shoaling ultimately occurs at the top of the Heterolithic Unit, as
reflected by an increase in the proportion of Irregular Laminites and intraclastic
conglomerate beds, there must have been a point where the accommodation switched
from increasing to decreasing as the platform prograded and aggraded outwards and
upwards. This interval is placed approximately 10-15m above the base of the
Heterolithic, above the last occurrence of the small scale-bioherms discussed above.
Once accommodation began to relatively decrease then there is interpreted to be a higher
clastic sediment influx that would have acted to preclude the development of the
bioherms (e.g. Grotzinger 2000). The transition to relatively decreasing accommodation
commences near the top of this unit and is supported by the shoaling into the Gametrail
Unit.
The lack of obvious clinoforms and the scale of continuity among features within
the Heterolithic Unit give it an overall aggradational geometry when considered over the
scale of outcrop. The basal portions are transgressive and the upper early highstand
portion was constructed of aggradational, event-by-event stratification. These events can
be considered as either storm events that would have suspended sediment from further
up-dip positions, or can be considered "growth interval by growth interval" if it is found
to be the case that significant in situ carbonate production occurred. The splotchy-
laminite facies may have represented a significant source of carbonate (see Plates: 2.3;
2.4; Chapter 2).
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Despite the difficulties in the delineation of individual parasequences within the
Heterolithic there is an overall coarsening upward (and shallowing upward?) trend
observed. The inferred water depth during deposition of the Heterolithic Unit is
considered to be among the greatest of the Hoogland; this interpretation is supported by
the observed shoaling into the overlying Gametrail Unit as expressed by a distinct set of
sedimentological attributes associated with that Unit. These attributes include: an upward
increase in the thickness and proportion of storm deposited intraclastic beds, edgewise
conglomerate occurrences; lowered surface roughness of Splotchy Laminite facies;
replacement of Splotchy Laminites by Irregular Laminites; an increase in coarser-grained
quasi/planar laminated and hummocky cross stratified grained calcarenite; increase in the
degree of scouring and the production of smoother elongate stromatolitic growths.
The inferred water depth of the Heterolithic Unit was great enough so that small
scale changes in accommodation likely did not influence facies stacking patterns to form
well-expressed parasequences. For example, at a depth of 50 meters a change in base
level of 5 meters may have had only a negligible effect (Mettraux et al., 1999). The
sedimentology of the beds within the Heterolithic does not show evidence for a major
change in water depth or flow regime throughout its deposition at the parasequence-scale.
The magnitude of high frequency base level change experienced during deposition of the
Heterolithic Unit is interpreted to have had a negligible influence on carbonate
production and deposition; this contrasts with the deposition of the overlying Units in the
Hoogland Member, when water depths are inferred to have been shallower.
Nearly all the facies and individual beds of the Heterolithic Unit appear to have
been deposited under a similar range of basal shear stresses. An explanation for this
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interpreted lack of significant relative waterdepth change is that the depths of the
Heterolithic Unit were great enough as to place the unit below some threshold of shear
stress, such as fair weather wave base. Considering the exponential decrease in wave
energy with depth (Lamb, 1945; Kinsman, 1984) and storm intensities with a linear
cumulative distribution function (Emanuel, 2000) there would be some depth below
which only the largest of storms could reach and directly agitate the seafloor.
The most notable attribute of the Heterolithic Unit is that it records the impact of
both those storms which directly agitated the seafloor and those that only affected
shallower areas in the deposits of thinly-laminated calcisiltite and lime mudstone,
occasional beds of intraclastic conglomerate with edgewise clast orientation, and rare
beds of small-scale hummocky cross-stratification. Much of the deposition of the
Heterolithic Unit, especially that interval around the time of accommodation turnaround
(cf. Maximum Flooding Interval), is interpreted to preserve the fallout of the silt to mud
sized sediment load suspended and/or created further up-dip during storms. To reiterate,
for deposits of this type, at the water depths reconstructed for their emplacement, it is
unlikely that these would allow strong expression of higher frequency base-level
oscillation that would have imposed a stronger signal in parasequence developed. This
effect in generating "non-cyclic" strata, which again involves sensitivity to given
thresholds, has been discussed in Grotzinger (1986a) and Adams and Grotzinger (1996).
Depositional Model for Heterolithic Unit.
Based on the large lateral continuities of time equivalent facies belts as traced
along the ash at the base of the Heterolithic Unit (548.8 Ma), a large-scale qualitative
sediment transport model can be visualized. The seafloor is blanketed by sediments that
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are mobilized as large patches during significant storms. The sizes of these patches are
greater than the scale of outcrop provided of approximately 30x3Okm. The source of most
of the sediment deposited within the field area was derived from more up-dip areas,
suspended as storms impinged on shallower-water carbonate production sites, and then
transported down-dip below the 'threshold' for deposition. This threshold can be
considered in both spatial terms, in that there is some point on the platform that
regardless of the size of the storm waves will be below the threshold for sediment
transport (Clukey et al., 1985; Komar and Miller, 1974; Seguret et al., 2001). In addition,
as the storm wanes in time and the wave climate (Madsen, 1974) returns to fairweather
conditions, the storm related set-up (Hellstrom, 1945) diminishes the seafloor shear
stresses which will in turn subside to subthreshold status, thereby creating depositive
conditions.
The slope of the depositional surface during Heterolithic times is inferred
to be among the lowest of the entire platform as evidenced by the great lateral continuity
of facies belts, and absence of slope-induced sediment gravity flow deposits. The low
slopes, at relatively great water depths, of the Heterolithic Unit would have felt the
influence of only the largest of waves. This profile would have been maintained because
no reinforcement of previously existing topography could occur, as high points would be
planed back down to the average slope and the sediment placed into any depressions or
exported basinward where it could be deposited into available accommodation below the
level of wave planation on the bottom. This process, coupled with the overall changes in
sedimentation to thin, mud-rich event beds, would act to damp out preexisting
topography and preclude the inheritance of high points (see facies chapter for smaller-
scale comparisons; cf. Plate 3.2.G with Plates 2.4, and 2.5). Deep depths would also
preclude significant primary carbonate production, limiting the sedimentation observed
within the field area to sediments transported during strong storms. The small biostromes
observed within the basal 10m of the Heterolithic unit (see Chapter 2) may represent the
shallowest portion of any potentially preserved parasequences. While no direct evidence
for the role of microbes can be demonstrated within the laminated sediments (see Plate
2.5; discussion and summary of this general problem in the Precambrian in Grotzinger
and Knoll, 1999) buildups would likely be expected at the shallowest portions of an
accommodation cycle in a deep shelf or ramp setting. If the mat community consisted of
an upper layer of photoautotrophs possibly of some of the first preserved algae or other
metaphytic organisms (Grant et al., 1991; Knoll, 1992; Knoll et al., 1993) then the
buildups would develop only when relative sealevel or accommodation space placed that
location within the photic zone or other zone of optimal carbonate output (Kendall and
Schlager, 1981; Tucker and Wright, 1990; Wilson, 1975).
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Plate 3.5: Representative Stratigraphy
Figure illustrating representative intervals of stratigraphy from each of the three lithostratigraphic units
that do not contain significant coarse grainstone facies. Heterolithic unit is characterized by splotchy
laminites (photo A, bottom) interbedded with shales, calcarenites, and occational intraclastic event
beds. Lateral extents of facies belts are the greatest of the entire Hoogland within this unit.
Parasequences in the Heterolithic are crypitc and difficult to confidently trace and correlate between
outcrops. However, a distinctive 548.8 Ma ash marker horizon within this unit allows for high resolution
chronostratigraphic tracing and correlation revealing very little lateral faceis change over the scale of
examined outcrop of approximately 30 x 30km.
Gametrail Unit is a shoaling and coarsening upwards succession of aggradational and
progradational parasequences defined by a higher proportion of lime mudstone and calcisiltites at their
bases that shallow upwards into Irregular Laminites and thickening upwards intraclastic storm event-
beds. Facies gradients are lower within this unit than in the underlying Heterolithic Unit, as slopes
steepened due to increased carbonate production, differential compaction, and possible differential tec-
tonic subsidence in the Nama foreland basin. Irregular laminites within this unit (Photo B, center) are
regularly interbedded with intraclastic conglomerates and clacarenites and are interpreted to have been
deposited under the influence of regularly moving currents. These are contrasted with the irregular
laminites of the Breccia Unit (photo C, top) interpreted to represent fallout without traction deposits of
the deeper distal midramp.
The Breccia Unit contains the first shale-based parasequences of Hoogland deposition and the
increasing incursion and influence of shales onto the distal portions of the Kuibis carbonate platform..
Parasequences have basinward thickening wedges of shale at their bases that grade upwards into
basinward-thinning wedges of thickening-upward event bedded downdip Irregular laminites and
intraclastic conglomerate event beds. Symmetry of parasequence tops varies according to both strati-
graphic position between adjacent parasequences, and also paleogeographic position within any one
parasequence. Some parasequences and locations are defined by sharp flooding surfaces and the abrubt
disappearance of carbonate beds above one thickest event bed. While other more symmetric
parasequences will show a systematic thinning and decrease in carbonate beds, implying a more gradual
flooding and transition to an increasing accommodation regime. Facies gradients within this unit are the
lowest for the non-coarse grained grainstone units, and the proportion of shale is the highest. Slopes are
interpreted to have been greatest during the deposition of this unit, because of the increasing influence
of differential compaction of the basinward thickening shale and also due to the continued convergence
of the unroofing Damara Orogen to the north of the field area.
Vertical scale in meters and numbers represent position in original measured sections.
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GAMETRAIL UNIT
Description
The Gametrail Unit lies stratigraphically above the Heterolithic Unit. At a
regional scale it is recognized by its distinctive appearance featuring numerous evenly-
spaced ledges, 1-2 meters thick, separated by equally thick recessive zones that parallel
the ledges (Plate 3.1). Because the bedding has a gentle dip, this system of ledges and
slopes is reminiscent of the pattern made by animals contouring hillslopes. The name
"Gametrail" is inspired by this distinctive pattern.
The contact between the underlying Heterolithic unit and Gametrail Unit is
gradational, effectively marking the transition from aggradational to progradational
stacking of facies, but is difficult to define and trace owing to this transition. In contrast,
the upper contact, between the Gametrail Unit and overlying Lower Grainstone Unit, is
easily defined in up-dip positions as the base of the first coarse grainstone bed with a
thickness of over 50cm (Plates 3.1; best documented in Plate 3.5.I&J). Down-dip of the
pinchout of the Lower Grainstone Unit, the top of the Gametrail Unit is found at the base
of a regionally extensive shale-based parasequence that contains a prominent storm event
bed (3.1.D; 3.5.E,G,I,J&P; 92m on Reference Section Plate 3.5; 3.8). The placement of
this upper lithostratigraphic boundary was made solely to differentiate the carbonate-
dominated stratigraphy of the Gametrail Unit from the mixed shale and carbonate
stratigraphy of the overlying Breccia Unit and the coarse grainstones of the Lower
Grainstone Unit.
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Plate 3.6: Middle Hoogland Stratigraphy. A)Small subset of total number of measured sections showing the transition and pinchout along the
chronostratigraphic interval adjacent to a very prominent storm event bed horizon traced throughout the entire field area. Note the lengthscales of distribution of
th4 facies and the difference in inferred slopes from the inner ramp grainstone shoals to the mid ramp splotchy laminites and also the general down dip fining and
transition that is also observable vertically within individual sections. While there is a general fining down dip at any given chronostratigraphic horizon there is an
overall shoaling or coarsening upwards with the parasequence. The fact that successively shallower and higher energy facies are found stacked within a vertical
section and that these facies .can be found laterally adjacent up-dip demonstrates Walther's Law of Stratigraphy which states that facies that occur vertically in a
stratigraphic section must also be found laterally adjacent aswel.
B) Map of measured section localities and color-coded coverage of photopans within this figure. See U of this figure for location of this small map.
C) Photograph of transition from grainstones into the actual prominent storm event bed that forms the datum for this interval trace. Note the convoluted nature of
the stratigraphy immediately adjacent to the blue dashed line. Approximately 10km down dip this interval consists entirely of splotchy-laminites with very thin bed
to thick laminations of distal storm event beds preserved as calcisiltite 'waftite' beds and rare calcarenites. This photograph has been flipped horizontally to make
the dip direction down to the right.
D) Photopan of wall immediately south of Fig Tree Grove spring canyon. Note the thick lower grainstone bed that thins down dip to the right, the generalized pro-
file of the more carbonate dominated stratigraphy compared with the other photopans on the Generalized Stratigraphy plate. Color scheme is the same and there-
fore facilitates easy comparison of different photopans throughout the field area. Also note the change in bedding style in the Upper Grainstone unit at the inter-
preted sequence boundary located in the middle of the cliff. "ice cream cone" genetic stratigraphy is based on the stacking patterns within the parasequences. These
stacking patterns are then used to infer an overall accommodation scheme.
E) Photopan immediately north and down dip to the above D pan. Note here the actual pinchout of the lower grainstone into the basal Breccia parasequence. This
photo shows the paradox of the progradation, in that during an overall time of backstepping observed in the stacking patters of down-dip parasequences there is a 1
progradation within the coarse to granulitic-sized Lower Grainstone. The 'ice cream cone' genetic stratigraphy presented illustrates this conundrum of process
stratigraphy.
F&G) Uninterpreted and interpreted photopans of the pinchout of the Lower Grainstone unit just north of Fig Tree Grove. The pinchout of the grainstone unit is
considered to occurs where average bedding thickness drops below approximately 50cm. This process of lithostratigraphic unit differentiation does not preserve
chronostratigraphic relationships as shown in the cross-cutting of the lithostratigraphic boundary by the chronostratigraphic horizon of the blue storm event bed.
Note how the interval surrounding the blue dashed line traces directly and unambiguously into the massive cliff of Lower grainstone, demonstrating the temporal
equivalence of this grainstone facies to down-dip microbial laminites and shales see in the measured sections A of this figure. Also take note of the general stratig-
raphy bracketed by the dashed purple shale horizon and the green dashed Breccia-Gametrail contact and compare with the photopans on the generalized Stratigra-
phy Plate. Here this interval is thick with a high proportion of carbonate that downlaps onto a conformable surface of disconformity down-dip as seen in other
photopans from more northern areas.
H&I) Another set of interpreted and interpreted photopans showing the pinchout and transition of the Lower Grainstone into the basal Breccia Unit.
J) Oblique look up-dip at pinchout of and transition of the Lower Grainstone into the Breccia Unit. Photo was taken standing approximately right hand edge of
photopans H&I above.
K)View North above "Stromatolite Alley" of upper GameTrail Unit and Lower Grainstone roughly parallel to depositional strike i.e. standing on the beach looking
out towards the ocean. Note here the change in stacking patterns from parallel aggradationally stacked in the upper GameTrail to the prograding clinoforms of the
Lower Grainstone unit. Red green and blue lines are traced stratigraphic surfaces. Note the transition and amalgamation along clinoform tops at right of the image
into the massive cliff towards the left. The position of the dashed blue storm event horizon is not known exactly but would occur within the top 3 meters of the
cliff.
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L) View N from above Fig Tree Grove. This photo is approximately 1km N and down-dip of K on this figure. Surfaces interpreted here are NOT intended to cor-
relate exactly to like-colored surfaces of K. Compare how here the Lower Grainstone unit bracketed by the short dashed yellow line now has thinned and broken
into at least two massive bedded intervals. The prominent storm event bed is known to correlate to the upper massive bed shown by the long dashed blue line.
M) Photograph of upper Gametrail unit highlighted by green box in E of this figure. Note the stratigraphy of the interval bracketed by the dashed purple and
green lines and compare to N of this figure and also other photopans. This outcrop shows the change in cycle symmetry at this interval of ramp history. The
parasequences below the shale horizon contain a thin interval of flooding or deepening at their tops where the proportion of lime mudstone and calcisiltite
increases over some thickness. The parasequences above the shale horizon possess a more sharp flooding surface above which the bedding thickness and propor-
tion f fine grained carbonate facies changes abruptly rather than the more gradual transition observed below the horizon. Note that this interval is stratigraphically
BELOW most of the Lower Grainstone unit. Use the colored surfaces and E of this figure as a guide for correlation and convincing.
N) Photograph of eastern wall of Poliwog Pools at the head of Zebra Pad Canyon. Note the similarity in overall stratigraphy of this interval to that of M. In both
the same parasequences can be correlated. This photo also documents the paradox of progradation in the lower Grainstone.
O&P) Interpreted and uniterpreted photopans of the pinchout and transition of the Lower Grainstone within the head of Zebra Pad Canyon. This exposure is
approximately 3 three kilometers east of the Fig Tree Grove pans D-M of this figure. Compare the pinchout and transition here to the one shown from Fig Tree
Grove. Colored surfaces are the same facilitating correlation of stratigraphically significant surfaces. Note here the unarguable transition of the dashed blue storm -
event horizon into the massive lower Grainstone Cliff.
Q) Photograph into Muddy Glen Canyon at head of Zebra Pad Canyon. Note and compare the stratigraphy and significant surfaces here to the other photographs.
Here in this up-dip position note the abundance and style of carbonate bedding as manifest in the cliff forming units.
R) View looking east near section 99-6 in Eastern Magdalena. Note and compare the stratigraphy to other areas. Here the lower grainstone has pinched out as
evidenced by the presence of the basal breccia parasequence (green and blue lines). There is a patch reef present in the upper Omkyk to the right of center. Note
the similarities in weathered profile to of the Heterolithic and the breccia unit to other photopans..
S) Outcrop photograph of a mid-ramp position of the basal Breccia Parasequence. Note the very thin storm event bedding that thickens upwards along with the
proportion of carbonate sediments. Thick beds towards top are intraclastic conglomerate beds as depicted in the measured sections in part A of this figure and as
seen E of the intraclastic conglomerate plate. Circled field book is 20cm tall. Compare this photograph to C of this plate for a record of the facies transitions adja-
cent to the dashed blue storm event horizon.
T) Isopach map of thickness from base of basal Breccia Parasequence to the base of the prominent storm event bed. The contouring was done automatically by
built in MATLAB function. The apparent ridge in the center of the image is an artifact related to the sparsity of data in that area and the contouring algorithm.
Note how the contour intervals bunch up and become more precise in areas of higher datapoint concentration in the north and south east. Despite this there is an
apparent expected down dip thickening of the shales of the basal breccia parasequences.
U) LANDSAT of Tsarisberge showing the position of the reference section (yellow star), photograph R of this plate. The green box is the subsection of the map
shown in B of this plate, and the red box is the area shown in the isopach of T on this plate.
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The Gametrail Unit consists dominantly of Irregular Laminites interbedded with
intraclastic conglomerate and hummocky to planar-laminated calcarenites. Some thick
shale laminae occur at the base of the unit, but decrease upward through the section.
There is an overall updip coarsening to this unit along any given chronostratigraphic
horizon. Updip facies include higher proportions of hummocky cross stratified
calcarenites interbedded with Irregular Laminites and elongate stromatolites. These
coarser-grained facies are observed to transit down-dip along chronostratigraphic
horizons into thinner laminated with Irregular Laminites and lime mudstones. Convoluted
slumped and jumbled bedding commonly is observed within the upper portions of this
unit.
Parasequences of the Gametrail
Parasequences are considered to be well developed within this unit and consist of
thickening-upward, amalgamated beds of Irregular Laminites interbedded with an
upward-increasing proportion and of progressively thicker intraclastic conglomerate
beds (Plates 3.3; 3.4; 3.5). Bases of the parasequences are defined by a slightly higher
proportion of thin to medium beds of lime mudstone. Unlike the more distinct shoaling
sequences of the overlying Breccia unit, the Heterolithic's parasequences posses
systematic variations in the proportions of Irregular Laminites and lime mudstone beds,
but do not exhibit much change in the laminae texture. While the sedimentary structures
of parasequences in the overlying Breccia unit show abundant evidence for significant
shoaling and change of water depth those of the Gametrail unit only seem to vary in the
II
pw gP p! y . ene e o.Cha 
ter 3: 
Strati 
r 
h
Chanter 3: Stratiyranhv S DiBenedletto
proportion of fine grained carbonate sediments at their bases. Prominent marine flooding
surfaces are not present in that evidence for significant deepening or flooding is not
observed by a change in the laminae top surface roughness of the irregular laminites on
either side of the boundaries that define these parasequences.
Stratigraphic Architecture
The architecture of the Gametrail Unit, especially the upper portions, displays
significant lateral variability. The Gametrail Unit preserves the progradational and
shoaling trend that began in the upper Heterolithic Unit. The overall amount of carbonate
sediment increases upwards, as does the proportion and thickness of intraclastic
conglomerate beds within each constituent parasequence. This overall shoaling is
gradual, however, and most of the lower to middle portions of the Gametrail Unit are
more accurately described as possessing a dominantly aggradational parasequence
stacking pattern, with only a small component of seaward progradation (Plate 3.2). This
is particularly evident when compared to the strong progradation that occurs within the
immediately overlying Lower Grainstone -Unit.
Stacking of the parasequences is mainly aggradational throughout the lower
portions of the Gametrail Unit until a prominent regionally-extensive and correlatable
shale marker horizon at 71 m on the Reference section and shown by the purple dashed
line on the photoplates and cross sections. This horizon represents a significant change in
the depositional dynamics of the Hoogland platform where pronounced changes in the
physical architecture of the Hoogland platform occur above this horizon.
II
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The disappearance of Splotchy Laminites and transition into Irregular Laminites
upwards into the Gametrail Unit is also consistent with the overall shoaling observed
within the unit (Plates: 3.5; 3.6). The finer grained, rougher-topped laminae of the
Splotchy Laminites of the Heterolithic give way to the thinner laminated, smoother
surfaced laminae of the Gametrail's Irregular Laminites As a general rule with minor
exceptions the laminated carbonates of the Heterolithic unit are Splotchy Laminites while
those of the Gametrail are Irregular Laminites. The increasing proportion and thickness
of intraclastic interbeds associated with the Gametrail compared to the Heterolithic also
points to the shoaling and increase in overall basal shear stresses on the depositional
profile as the ramp evolved from Gametrail into Lower Grainstone and Breccia unit
times. An interesting comparison can be made regarding the nature and scale of this
overall shoaling between large-scale units with the shallowing succession seen in
individual parasequences (Plate 3.4). In both cases there is an overall coarsening upward
from a shaley base into a cap dominated by grainstones (cf. sequence-scale shoaling in
Plates 3.1 .K & 3.2.A&C with parasequence-scale shoaling in Plates 3.6.S & 3. 1O.K&L).
Compared to the underlying Heterolithic Unit, length scales of facies are shorter;
changes in the facies occur over a lesser lateral distance than in the Heterolithic Unit
(gradients arehigher); compare updip Plate 3.1 .K, with the same interval further downdip
in Plate 3.1 .J and note little change in Heterolithic Unit compared This is interpreted to
result from the shoaling and increased up-dip production of carbonate that would act to
produce a slightly steeper gradient to the platform than in the underlying Heterolithic
Unit. Because of these marginally greater slopes, the characteristic physical processes
involved in distributing areas of like facies would change, resulting in the foreshortening
of the distribution of facies belts. If it is assumed that any given roughness to a laminite
facies results from its deposition in a specific water depth, then during times of steeper
II
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slopes on the platform the lateral extents of areas of similar water depths would decrease
compared to a flatter depositional profile.
Gametrail-Lower Grainstone Unit Contact.
More western localities exhibit a distinct change in the facies immediately above
the shale marker horizon. In westward localities, clastic carbonates of fine to coarse grain
size are abundant as compared to the same stratigraphic interval bounded in more easterly
localities (Plate 3.9). The lateral variations in stratigraphic architecture above this shale
marker horizon also fluctuate as a function of depositional dip position on the ramp.
Relatively up-dip positions experience a shift to a progradational regime marked by the
deposition of the thick grainstones that define the Lower Grainstone Unit. Paradoxically,
however, in positions down-dip of the pinchout of these grainstones, time equivalent
strata (= lowermost Breccia Unit) reveal a backstepping and deepening trend. This
contradiction is discussed below, but can be accounted for as a result of flux-driven - as
opposed to accommodation driven - stacking patterns.
Three parasequences, which display a backward stepping motif, occur above the shale
marker bed and are assigned as the uppermost strata within the Gametrail Unit. (Plate 3.6,
esp. M,N,&Q; 3.7, 3.8). These three parasequences are differentiated from a prominent
trio of thinning upwards parasequences that occur in the basal portion of the Breccia Unit
(Plates 3.8 & 3.9).
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Plate 3.7: Figure to illustrate the down-dip transition within the Gametrail unit from
slumped and convoluted calcarenites to irregular laminites and thin to medium
intraclastic conglomerate storm-deposited beds. The massive convoluted intervals
found up dip manifest themselves as individual storm rip-up beds in down-dip positions
interbedded with IRRLs. Also note that the down dip equivalent to the Lower
Grainstone unit are clinoform toe debrisflow deposits underlying the shales of the Basal
Breccia Parasequence. Also note the chronostratigraphic/lithostratigraphic relations dis-
cussed in text. Vertical Scale in meters.
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The contact between the Gametrail and Lower Grainstone Units is increasingly
sharp toward westward localities and displays local erosion. This westward trend to an
increasingly abrupt contact is accompanied (Plate 3.2.B,C,D) by an increase in the
proportion of clastic carbonate calcarenite beds (Compare the eastern stratigraphy in
Plate 3.6.D,K,&L with western Plates 3.1.K & 3.2.A).
A strike-oriented transect reveals strata between the shale marker horizon and the
base of the Lower Grainstone thicken toward more updip (southerly) and western parts of
the study area (Plate 3.9). In the western portions of the field area the interval between
the shale marker horizon and the base of the Lower Grainstone contains more abundant
grainstones, fewer laminites, and a greater number of storm-generated breccia beds than
in eastern portions (Plates 3.1 .K, & 3.2.A). This thickening trend is best expressed if the
shale marker horizon is used as a datum. Based on the relatively greater lateral continuity
of facies and inferred lower depositional gradient below the shale than above it, the
assumption of a relatively gentle paleoslope during deposition of the shale horizon is
justified.
The more coarser-grained and storm-brecciated facies immediately below the
lower grainstone in the western areas(Plates: 3.l.K&J; 3.2.A) could represent a barrier
shoal system that helped restrict and limit the lateral expansion of temporally equivalent
stromatolites(Plate 2.6.E) in eastern localities within the southern extents of the Fig Tree
Grove Canyon (Plates: 3.6.K). The stromatolites are interpreted to have formed in a back
shoal settings, in areas of relatively low sediment reworking. These stromatolites have the
same elongation azimuth observed in older Omkyk-age reefs: 290 + 10, which suggest
that if shoals did develop that they may have absorbed and dissipated large waves
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induced by storms, but not the day-to-day fairweather waves which are well known to
generate elongation in stromatolites (Grotzinger, 1986b; Logan et al., 1974).
The thicker deposits of clastic calcarenites seen in the west are inferred to have
filled the available, probably greater accommodation produced in this area. The
increasing sharp contact between the Gametrail and Lower Grainstone Units seems to
contradict this interpretation of increased westward accommodation. However, this can
be accounted for if the western areas that initially possessed more potential
accommodation space filled up more rapidly than areas in the east that possessed less. By
extension, this implies that grainstone accumulation rates were spatial variable, not
strongly dependent on accommodation magnitude, but perhaps more so on the location of
shoals that would have influenced wave energy flux over the platform.
LOWER GRAINSTONE UNIT
Description
This unit is found only in up-dip positions and its down-dip pinchout into the
temporally equivalent Lower Breccia Unit is spectacularly displayed along the walls of
the Fig Tree Grove and upper southern reaches of the Zebra Pad Canyons (Plates: 3.6;
3.7). The base of this unit is placed at the bottom of the first massive medium to coarse-
grained grainstone with thickness of greater than 50 cm. The upper contact of the Lower
Grainstone Unit is placed at the top of the last coarse-grained grainstone bed with a
thickness greater than 50cm. Along the canyon walls this contact is represented by the
top of the massive bedded cliffs in the middle of the Hoogland Member. Clinoform
surfaces are present within this unit and downlap onto the top of up-dip portions of the
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Gametrail Unit. These clinoform surfaces can be traced in three-dimensions laterally for
hundreds of meters (Plates: 2.1.A; 3.3.D,E,K&L ).
In a down-dip direction the boundaries of the Lower Grainstone Unit cross cut
chronostratigraphic surfaces (Plates: 3.1 .D; 3.6.E-J; 3.8; 3.9). At its down-dip limit, the
entire grainstone body thins and pinches out, represented further down dip by a
prominent storm event bed located within the down-dip portions of the basal Breccia Unit
(Plates: 3.6.A&C; 3.7). In down-dip positions, much of the grainstone can be traced into
a single parasequence at the base of the overlying Breccia Unit. The basis for the
placement of the lithostratigraphic boundary, as mentioned above, is where the coarse
grainstone deposits thin to less than 50cm. Therefore, along a downdip
chronostratigraphically defined horizon, wherever the grainstone bed thickness drops
below 50cm the lithostratigraphic boundary will cut through the bed and therefore
through the chronostratigraphic timelines bounding the bed.
The significance of this relationship is critically important to the overall sequence
stratigraphic model for the Hoogland platform, and implies that a large volume of
sediment was emplaced during a very short period of time. The lower Grainstone Unit is
the first significant occurrence of coarse-grained grainstones within the Kuibis Subgroup
since Omkyk times and is believed to represent some of the shallowest and furthest
forestepped portions of the ramp sequence. Because the base of this grainstone body
parallels the base of the parasequence that it is equivalent to, its emplacement represents
a significance bypass of other facies belts, so that very shallow grainstones rest directly
atop comparatively deep water facies.
Aw".6mammlow-
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However, in downdip positions where the grainstone is absent this interpretation
appears contradictory. Instead, a deepening upward or backstepping trend is observed in
these locations (Plates: 3.6; 3.7; 3.8) through the six parasequences between the
prominent shale marker horizon and the top of the trio of the basal Breccia
parasequences. This shoreward shift in stacking patterns is recorded in the roughening of
microbialites and fining of calcarenitic deposits in the upper GameTrail Unit above the
shale horizon and below the base of the Lower Grainstone Unit.
Further flooding and backstepping at the top of the Lower Grainstone unit is further
supported by the occurrence of thrombolitic horizon, about 1.5 m thick, that was found in
updip positions near sections ID and 99-5. The localization of bioherms atop a large
grainstone bodies similar to the occurrence of thrombolitic horizons in the Omkyk
Member; in both cases the growth of microbialites would have been promoted by
conditions of increasing accommodation and reduced sediment flux in the early-
transgressive systems tract (Smith, 1999, Grotzinger, 2000).
Stratigraphic Architecture
As mentioned above, the assignment of the circa 30 meter-thick Lower
Grainstone Unit within a sequence stratigraphic framework is difficult. It clearly
represents a significant basinward shift in coarse carbonate sediment, but the underlying
strata are not obviously related to a simple Highstand Systems Tract interpretation.
Indeed, the inferred accommodation history during the interval of time represented by
strata from the shale marker bed in the upper Gametrail Unit to its contact with Lower
Breccia Unit deposition is problematic. The objective of the following discussion is to
present the architectural observations and data without committing to a specific
interpretation. This problem constitutes a nice example of the difficulties of some of the
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contradictions outlined in other studies that have not yet been resolved (Sarg, 1988;
Handford and Loucks, 1993;
The Key Observations which help constrain this problem are::
1)The calcarenite-rich strata in the uppermost Gametrail Unit, above the shale marker
bed, extend much further in a downdip direction than the very coarse grainstones of the
overlying Lower Grainstone Unit.
2) The Lower Grainstone Unit passes down dip into a trio of shale/carbonate mud-rich
parasequences which exhibit a backstepping motif. This facies transition occurs well up
dip of the equivalent transition in the underlying uppermost Gametrail Unit which is not
expressed in the field area.
3) Clinoforms within the Lower Grainstone Unit down lap onto the surface that is
equivalent to the base of the lowermost of the parasequence trio developed in down dip
positions.
4) No surfaces are marked by subaerial exposure surfaces, making identification of the
sequence boundary difficult.
The high-resolution stratigraphy of this interval reveals that Lower Grainstone
deposition occurred before, during and after deposition of the actual trio of basal Breccia
parasequences. At the commencement of Lower Grainstone deposition, there were
temporally equivalent shales deposited down dip. The deposition of the carbonates
within the basal Breccia parasequence surrounding the prominent storm event horizon
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occurred after the deposition and infilling of the basinward accommodation by the shale
found at the base of the basal Breccia Parasequence.
Areas down-dip of the pinchout of the grainstone were found to represent a
surface of disconformity, or the 'correlative conformity' that can be traced up dip into the
downlap surface of the Lower Grainstone Unit (Plates: 3.3; 3.8; 3.9). However,
deposition of the carbonates within the Breccia Unit basal parasequence occurred above
this downlap surface, after the deposition of the observed basinward-thickening wedge of
shale at the base (Plate 3.6.T).
The principles of sequence stratigraphic analysis (Handford and Loucks, 1993;
Sarg, 1988) require that backstepping parasequences deposited above a sequence
boundary be placed within the Transgressive Systems Tract, inferred to result from an
increase in sequence-scale relative sea level. The transition in stacking motif from the
aggradational upper Gametrail parasequences below the shale horizon to the
backstepping observed in three carbonate dominated parasequences immediately above
the shale but still below the basal trio of parasequences in the breccia Unit (Plate
3.6.M&N;3.7; 3.8) implies that the shale is deposited above a sequence boundary.
However, the progradation and subsequent backstepping of the thick Lower Grainstone
Unit occurs at the top of these three carbonate-dominated backstepping parasequences
(71-90m on Reference Section Plate 3.3; Plates: 3.6.M&N; 3.7; 3.8), during this time of
overall transgression. This transgression and progressive deepening of individual
parasequences is expressed in the upwards increase in the roughness of Irregular
Laminites found at the top of each parasequence spanning this interval above the shale
horizon through the trio of basal Breccia parasequences. As discussed for the case of the
Heterolithic and Gametrail Units, an increase in lamina roughness within Laminite facies
capping successive parasequences is considered to reflect an overall increasing
accommodation regime.
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If the lower grainstone, in the appearance of the prograding coarsest-grained
highest-energy (shallowest water?) facies does in fact preserve deposition during the
lowest portions of the accommodation curve, i.e., the most forestepped, and warrant
classification as a LST then it must also be acknowledged that this LST occurs at least
three parasequences after a ?longer-term? backstepping pattern was initiated. The flux-
induced progradation of the Lower Grainstone Units occurs entirely within an overall
regime of increasing accommodation begun after the deposition of the prominent shale
marker horizon and the three uppermost backstepping parasequences of the upper
Gametrail Unit (Plates: 3:3; 3.7; 3.8; 3.9).
The possibility cannot be excluded that the documented change in the output of
the carbonate factory as seen in the local sedimentation is responsible for the
backstepping. Assuming a decreasing production rate such that during a parasequence-
scale oscillation of accommodation a backstepping is produced by relatively lower
sediment supply. Because of the lesser amount of sediment within the 'potential
preservation' produced by a parasequence-scale rise in accommodation or increasing rate
of accommodation creation would produce a backstepping, a "negative flux-induced
backstepping."
A last point to develop regards the observation that the volume of rock
represented by the Lower Grainstone Unit has a negligibly thin time-equivalent carbonate
unit in distal down-dip locations (Plate 3.7). Most time equivalent strata are shales, but it
is possible that these were deposited in a "reciprocal" mode (Meissner, 1971; Wilson,
1975) during up-dip hiatuses in carbonate production and clinoform advance, and are
therefore not time-equivalent strata. This illustrates well the reciprocal mode in which the
pure carbonate sediments of the shelf operated under, wherein prolific coarse grain
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production within the Lower Grainstone Unit was accompanied by cessation of
deposition in the down-dip areas of the ramp, and development of a disconformity along
the surface of downlap. This may have oscillated with times of lower production of
coarse-grained grainstones, but higher production rates of calcarenites, and
inorganic/microbial carbonate muds, possibly produced in near-shore pelagic as well as
benthic modes. This shows clearly that a change in the nature of carbonate production
occurred at this time on the platform, to a carbonate factory which made coarse grains
and was more localized, from one which made finer-grained sediments and was more
widespread. These two factories are critically important in controlling the sequence scale
morphology of the platform. The competition between the rates at which accommodation
was infilled by either dominantly clastic coarse-grained carbonate sediments, versus the
microbial laminites is a crucial factor, as this will affect the overall slope of the platform
and therefore the seabottom shear-stress distribution.
Tracing of parasequences further downdip shows that the thickest grainstone units
are temporally equivalent to shale within the basin. A down-dip decrease in sediment
accumulation rates is shown by a dramatic thinning of not only the Lower Grainstone
body but also the calcarenites of the underlying upper Gametrail Unit. The stratigraphic
interval bounded by the marker shale horizon in the upper Gametrail Unit and the top of
the Lower Grainstone Unit is more than 40 meters thick in up-dip locations as compared
to approximately 10 meters in downdip positions. This volumetric partitioning is directly
attributable to the ability of the up-dip grainstone factory to mostly fill the available
accommodation, in contrast to the down-dip accumulation of fine carbonate and
siliclastic sediments, supplied by off-shelf transport of suspended sediment. However,
further downdip, this thinning in the carbonate wedge is compensated by basinward
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thickening of the shale within the basal parasequence of the Breccia Unit as well as other
overlying parasequences of the Breccia Unit (Plate 3.6.T).
Clinoform morphology and extent as function of filled accommodation
An interesting relationship between the thickness of several grainstone packages
and the lateral extents of these beds is observable within the cliffs to the south of the Fig
Tree Grove spring (Plate 3.1.D; Plate 3.6.D-J). It is shown in Plates 3.6.E-J that just up-
dip of the pinchout of the unit there is a thicker amalgamated bedset that does not extend
as far down-dip as the thinner overlying tongue that transits directly into the prominent
storm event bed of the Basal Breccia Parasequence (Plates: 3.7; 3.8; 3.9). The lower
thicker bed pinches out and thins over a shorter distance as it downlaps onto the top of
the Gametrail Member. This observation is slightly counterintuitive, as one would expect
the thicker bed to perhaps extend out further.
An explanation for this observation is that the lower thicker bed prograded out
into an area of much more unfilled accommodation space than the overlying thinner, yet
more extensive clinoform. And that the great lateral extents of the carbonates in the basal
breccia parasequence is due to the fact that there are shales underlying it, that served to
fill in accommodation and flatten the depositional profile such that more of the seafloor
was under the influence of storm and fairweather waves. Assume that a grain being
transported down-dip would have been deposited in the first location where enough
accommodation space was available. Grains could not be transported down-dip until the
up-dip accommodation space was infilled. This would produce a basinward thinning
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wedge of sediments, the slope of which would be due to the amount of accommodation
available when the sediments began to be deposited there.
Due to the changes in the nature of the carbonate factory and resulting changes in
the sediment types being produced at this time on the ramp possibly brought about by the
increased incursion of shales (see discussion in Grainstone Facies section of Chapter 2),
there was much unfilled accommodation down dip of the toes of the individual grainstone
clinoforms (Plates 3.6; 3.7;3.8). Residual, unfilled accommodation created by deposition
of the lower, thick, more rapidly thinning grainstone clinoform became filled by the
basinward-thickening shale interval at the base of the prominent regional storm event bed
parasequence. The filling of this down-dip accommodation by a basinward sourced shale
is seen in the thinner, more laterally extensive grainstone clinoform developed on the
basinward-thickening wedge of shale. Because of the relatively decreased amounts of
accommodation available for this grainstone to be deposited in the sediments were spread
out over a greater area by waves on this interpreted gentler slope. The lower slope of the
shale deposits results from the more complete filling of the accommodation by the
basinward-sourced, northward-thickening wedge of shales. This explains an apparent
paradox present within the parasequences of the Hoogland that show that carbonate facies
are typically most extensive within late TST deposits, near the Maximum Flooding
Interval, instead of during late highstand deposits. See further discussion regarding this
phenomena in the Lower RailRoad Tracks (LRRT) of the Breccia unit and within the
Upper Grainstone Unit description for how this concept can be scaled up from individual
clinoforms to entire units and how the overall evolution of the platform morphology is
impacted.
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BRECCIA UNIT
Description
This basinward-thickening unit overlies the Lower Grainstone in up-dip positions
and rests directly on top of the Gametrail Unit downdip of the Lower Grainstone pinchout
(Plates: 3.1; 3.3; 3.10;). Where the Lower Grainstone Unit is present the base is defined
as the top surface of the last coarse grained grainstone bed thicker than 50cm. Basinward
of the Lower Grainstone pinchout the basal contact can be located at the base of a thick
(3-4 m) shale which forms the lower half of a prominent, regionally extensive
parasequence, referred to as the Basal Breccia Parasequence (Plate 3.6; 3.7. 3.8). This
parasequence is also marked by a regionally-continuous 5 - 25 cm thick black to dark
gray hummocky cross-stratified calcarenite bed within gray Thrombolitic and Irregular
laminites which cap the parasequence. The shale at the base of this parasequence
represents the first, thick (> a few dm) presence of shale on the platform. This
occurrence of carbonate-free shale within the Hoogland Member is therefore
straightforward to trace across the study area (Plates: 3.6; 3.9; 3.10). This parasequence
was ideal for the analysis of facies substitution and facies gradients because it contains a
regionally continuous storm event bed which can be used as a time line. Therefore, this
parasequence was chosen (along with others at different levels) to develop the facies
model of the Irregular Laminite-Splotchy Laminite transition highlighted in the facies
Chapter 2.
The top of the Breccia unit is located below the massive grainstone cliffs in the
upper reaches of the canyons at Zebra River in southern, up-dip positions (Plate 3.1;
3.10). Down-dip of the pinchout of the Upper Grainstone the top of the Breccia unit is
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defined as the top of the uppermost occurrence of medium to thick wavy-bedded
grainstone. This places all carbonate beds seen along the 850 Road and near the entrance
of the Kyffhauser Farm within the Breccia Unit and all the siliclastic sediments as
interfingering tongues within it. These shale tongues are the firstsignificant expression of
the Urikos (shale) Member (uppermost Kuibis Subgroup; Plate 1.1 .C), which overlies the
Hoogland Member and marks the transition from carbonate to siliciclastic deposition
within the Nama foreland basin (Plate 1.1). In these more northern down-dip locations,
the top of the Breccia Unit represents the last occurrence of carbonate sediments of the
Kuibis Subgroup within the Nama Group of the Zaris subbasin.
The Breccia Unit is differentiated into Lower and Upper sub-units, separated by a
transgressive flooding surface (Plates 3.1; 3.3; 3.10). This flooding surface can usually
be recognized at the regional scale within the canyons as the top of a resistant bench-
forming carbonate interval in the middle of the Breccia Unit (Plates: 3.1; best seen in
3.10.A). Also, placement of this lithostratigraphic subdivision at a flooding surface helps
to facilitate discussion of the stratigraphy, insomuch as the Breccia Unit is the thickest
unit in the Hoogland Member and is characterized by significant shifts in facies belts and
stratigraphic pinchout of grainstone intervals.
Parasequences of the Breccia
Parasequences are well developed within the Breccia unit and commonly are
shale-based, shallowing upward into beds of Irregular Laminite and intraclastic
conglomerate (Plate 3.7). In downdip positions parasequences commonly are capped by
a 'tempestite' (Ager, 1974; Aigner, 1985; Aigner, 1982; Einsele and Seilacher, 1982;
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Kreisa, 1981; Myrow and Southard, 1996) consisting of an intraclastic conglomeratic
base that grades upwards into a planar laminated to current and wave-rippled cap (Plate
2.5.F, H &I). Compared with those in the Gametrail Unit, Breccia Unit Parasequences
have a well-defined flooding surface overlain by basal shale, while those of the Gametrail
Unit lack shale and are defined by basal strata featuring a higher proportion of lime
mudstones. Parasequence symmetry is variable; in some cases parasequence flooding is
gradual and preserved as a thinning-upward succession of event beds, while others are
more asymmetric, showing caps of -5-20 cm tempestites that are abruptly overlain by
pure shales (shown diagrammatically at 127m & 141m on Reference Section Plate 3.3).
In comparison, the Laminite facies in carbonate-rich upper parts of the Breccia
Unit parasequences look similar to the Laminite facies that dominate the entire thickness
of the Gametrail Unit parasequences. The parasequences of both units exhibit an upward
increase in the thickness and proportion of intraclastic event beds, and a decrease in the
roughness of Irregular laminites. Breccia Unit parasequences contrast with those of the
Gametrail Unit in their better development of flooding surfaces, reflected in the overlying
relative thick shales that characterize parasequence bases. The well-developed basal
shale deposits within parasequences of the Breccia Unit are considered as evidence for
the increased flux of siliciclastic sediments from the Damara Orogen to the North.
Alternatively, it must also be considered that the siliciclastic sediment influx could have
been constant through deposition of the Hoogland Member, and that the lack of shale
during Gametrail time is a manifestation of more prolific production of carbonate
sediments then, such that the shale 'signal' was diluted by the relatively greater signal of
carbonate production. Nevertheless, the former explanation is preferred over the
alternative in which carbonate production is somehow fundamentally affected between
S DiBenedetto
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Gametrail Unit time and Breccia Unit time. The former affect is consistent with the
longer-term advance of northerly-derived siliciclastic deposits which ultimately results in
termination of the Kuibis platform and deposition of the Schwarzrand siliciclastic
system.Brecciation Process
The parasequences below the transgressive flooding surface at the Lower-Upper Breccia
Unit Contact contain well-developed matrix-supported breccia facies. The weight of
evidence currently favors a mechanism in which very strong basal shear stress, most
likely generated during storms, acting on the microbially-bedded sea floor, results in
deformation by in situ brecciation of weakly lithified sediments (see discussion in
previous Facies Chapter 2). Regardless of the precise mechanism of brecciation, their
stratigraphic distribution is helpful in the context of the analysis of stratal geometry and
sequence development. Most significantly, the breccias are not randomly distributed; the
position of most intense brecciation was found to shift systematically as a component
facies that tracks the parasequence stacking patterns. This locus of disruption is found in
forestepped positions during late HST deposits at the Lower - Upper Breccia contact and
is observed to backstep during times of accommodation increase.
Stratigraphic Architecture
The base of the Breccia unit continues the overall backstepping commenced at the
prominent shale marker horizon of the Gametrail Unit. The trio of shale-based
parasequences that mark the lowermost strata of the Breccia Unit continue this trend
(Plates: 3.6; 3.7; 3.8; 3.10). Long-term accommodation continues to increase upwards
until the maximum flooding interval approximately 4-7 parasequences above the basal
contact of the Breccia Unit. This turnaround point could not be located more precisely,
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and so a maximum flooding interval, rather than surface, was chosen to delineate the shift
back to a long-term decrease in accommodation. Onlap and pinchout of these pre-MFS
parasequences onto the top of the Lower Grainstone Unit is inferred based on the greatly
reduced thickness of this section immediately above the top of the Lower Grainstone
Unit. Above the maximum flooding interval the section shows a forward-stepping
parasequence pattern; this patterns is terminated by a discrete flooding surface which
marks the boundary that separates the lower from upper Breccia units (Plate 3. 10.A-D).
It is at this stratigraphic level, immediately below this flooding surface, that the
brecciation is found in the furthest forestepped positions.
Above the flooding surface which marks the lower-upper Breccia Unit contact a
backstepping pattern again is displayed, this time involving three successive
parasequences. The third parasequence within this set is distinguished by its lower
interval of thick, pure shale; this shale extends the furthest updip of any in the Hoogland
Member. Interestingly, this shale interval also displays soft-sediment deformation
involving brecciation, folding and convolution, which are again interpreted to result from
application of strong shear stress during storms. The shale breccias are abruptly overlain
by unbrecciated carbonates that form the upper half of the parasequence. This very
prominent and regionally extensive parasequence, informally referred to as the "Lower
RailRoad Track (LRRT)," has been traced and studied in detail throughout the field area
(Plates: 3.4; 3.10; 3.11; 3.12). The carbonate unit at the top of this parasequence, for
whatever reason, is the most aerially extensive carbonate interval within the Hoogland
Member. It seems likely that this carbonate unit, resting directly above deformed shales,
extends so far out into the basin because it represents a high-frequency lowstand deposit
in which base level oscillation had an unusually high amplitude coupled with its position
in the late TST after the infilling of basinward accommodation by the shale seen at its
base.
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Plate 3.10: Upper Hoogland Stratigraphy.
A) Upper Hoogland in Koedoe Pad Canyon south of junction with Cold Canyon. Note here the massive cliff-
forming brecciated horizon in the center of photo. This channel downcuts into laminated stratigraphy and is
filled with matrix supported breccia facies. Note the general appearance of the stratigraphic interval above
the Lower-Upper Breccia Unit contact for comparison with other photographs. The four labeled
parasequences W1, W2, LRRT, and URRT were traced extensively through the field area and the colored
lines at their tops provides a means for easy comparison of this interval of stratigraphy throughout this plate.
B) View up-dip east of The Grotto Spring. Here note the presence of definite carbonate containing
parasequences and compare this interval with further down-dip exposures in other photopans. Also note the
thickness distribution of the Upper Grainstone in relation to the interpreted mid-cliff sequence boundary. The
interval above the sequence boundary has been found to thicken over a shorter distance than below the
boundary. Most of the thickening within the upper grainstone is interpreted to occur within this
backstepping transgressive systems tract that saw the last significant deposition of carbonates within the
Zaris Subbasin.
C) Parasequences of the upper Hoogland in a relatively eastern up-dip position. Note here the shale present
at the bases of the parasequences, and the thick amalgamated caps to some of the parasequences, Compare
this photo to the relatively more down-dip shot in D of this plate and to other further down-dip photos on the
other plates. Due to wide angle nature of photo, the section above the LRRT is obscured and apparent
thicknesses are distorted. Upper grainstone cliff here is greater than 15m thick.
D) Upper Hoogland showing position of section 4F within Fig Tree Grove Canyon. Note and compare the
general stratigraphy in this photo to others. The 'ice cream cones' indicate the approximate symmetry of
accommodation oscillation preserved in the cycles of the section. The ledge-forming apparent cycles within
the uppermost part of the section above the solid yellow line are actually not well developed parasequences
with a carbonate increasing upward trend as observed in stratigraphically lower cycles. Rather, they consist
solely of grainstone beds interbedded with shales in contrast to the thickening upwards storm-event beds of
the lower and middle breccia unit. Once these tongues of grainstone appear there are no time equivalent thin
laminites found down-dip for the rest of Hoogland time.
E) View of upper Hoogland across from Lichtenstein Cottage. Compare the stratigraphy in this distal shot
with the more proximal, carbonate rich ones above. The LRRT at this locality does not possess any fine or
coarser grained beds. Facies consist entirely of 'down-dip IRRL' of thinly laminated lime mudstones and
calcisiltite beds interpreted to represent the fallout deposits of a depositional event's suspended load (see
IRRL Plate 2.3.G).
F) View of Upper Hoogland in eastern portion of field area. Note here the interval above the URRT and the
presence of tongues of grainstone highlighted by red dashed lines. These tongues represent the first occur-
rence of true coarse grainstone within the Hoogland since Lower Grainstone times.
G) Photograph showing the upper Hoogland in Fig Tree Grove Canyon near the Reference Section. Note the
carbonate dominated stratigraphy within the Breccia Unit below the LRRT and compare to photographs
from further down-dip. Area highlighted by purple feature is a down cutting matrix supported brecciated
interval. The Recessive interval below this brecciated horizon consists of thin to thick laminations of
calcisiltite and lime mudstones interbedded with shales.
H) Up-dip photograph of URRT interval within Koedoe Pad Canyon. Note the thickening upward event bed-
ded stratigraphy and compare with further down-dip photo of same horizon on J of this plate.
I)Up-dip photograph of URRT interval in Muddy Glen canyon further east than in H. Compare stratigraphy
here to further down-dip temporally equivalent interval shown in J.
J) Down-dip URRT interval near 850 Road. Notice thin interbedding of distal storm event beds with shale.
This interval preserves the down-dip deposition of matrix supported breccias within the URRT. Here, many
beds are classic 'tempestites' consisting of an prostrate imbricate intraclastic conglomeratic base grading
upwards into planar-laminated to rarely rippled tops (see Intraclastic Conglomerate Plate 3.6.E&F). These
beds are exactly equivalent to the intervals of most intense brecciation and represent the deposition of the
sediment suspended during the significant shear-stress event.
K) Photograph of LRRT in a easternmost exposure. Notice the carbonate increasing upward trend recorded
in the thickness of the storm event beds. This individual parasequence is paradoxical in its makeup. It repre-
sents an extremely laterally continuous event horizon and time when the study area was covered with car-
bonate sediment, yet the shale within it's base is the furthest transgression of siliclastics yet observed on the
platform. So how to explain the maximum landward transgression of shale but yet also a more laterally
extensive and forestepped carbonate deposits than in the backstepping parasequences of above the sequence
boundary at the Lower-Upper Breccia unit contact?
L) Photograph of further down-dip outcrop of LRRT. Here note that the top massive intraclastic storm bed is
thinner and that the upper parts are less amalgamated than in K.
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The LRRT parasequences is overlain by the URRT parasequence, which also has
great lateral extent. When traced up dip towards the southeastern part of the study area
(Koedoe Pad canyon above the Grotto spring in the Zebra River farm) it shows an
increasing proportion of carbonate within its basal shales (e.g. Plate 3.11). The interval
contains a number of intercalated thin to medium-thick storm event beds, in contrast to
the shale at the base of the underlying LRRT which is carbonate relatively carbonate-free
(Compare Upper Hoogland Plate I&K). The increasing proportion of carbonate
sediments above the top of the LRRT is inferred to signal a shift from increasing to
decreasing accommodation, and places this interval within an early HST. Brecciation
both updip within the URRT and also at higher stratigraphic levels occurs, with local
disruption up to 4-5m in places, further demonstrates the role of episodic intense
reworking of the sea floor.
The relative decrease of accommodation and attendant increase in the proportion
and thickness of the carbonate sediments continues upwards through the base of the
massive Upper Grainstone Unit. Several parasequences above the URRT are delineated
by shale bases and coarse to very coarse grainstone caps. These grainstones were of
subtidal origin, possibly limited in upward accretion to a local base level imposed by
wave base. Hummocky cross-stratification is common, though these grainstones typically
have preserved form sets of mega-wave rippled grainstone at their tops, encased in
overlying shales. Wave ripples have wavelengths of up to 50-70 cm and amplitudes of
10-20 cm, indicating relatively deepwater conditions affected by long-period waves.
Upwards, the parasequences lose their shaley bases and eventually become amalgamated
to form imposing cliffs of the Upper Grainstone Unit. Carbonate facies with the upper
part of the Breccia Unit undergo a systematic change from laminite-capped
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parasequences in the lower part, to grainstone-capped parasequences in the upper part.
This change in the facies types indicates a change in the overall production of the
carbonate factory during this phase of platform growth and is reminiscent of the
transition within the upper part of the Gametrail Unit, on up into the Lower Grainstone
Unit
UPPER GRAINSTONE UNIT
Description
In up-dip positions, the base of this down-dip thinning, wedge-shaped member is
defined as the first occurrence of thick-bedded cliff-forming grainstone above which the
thin shale interbeds of the Upper Breccia Unit are thin to absent. Instead, grainstones are
amalgamated and may be uninterrupted for stratigraphic thicknesses of to 30-40 meters.
The upper surface of the Upper Grainstone Unit, again in an up-dip position, as with the
Lower Grainstone Unit is marked by the last massive amalgamated grainstone beds with
thickness greater than 50 cm.
In down-dip positions, as in the case of the Lower Grainstone Unit, the lower and
upper contacts are both more diffuse with thick grainstone beds passing down dip into
thinner grainstones interbedded with shales, and at their down-dip terminations
grainstones are replaced entirely by shales. Medium to thick beds of wavy-topped
coarse grainstone are characteristically interbedded with 10-100cm intervals of shale
(Plate 2.1 .C). Basinward transport is interpreted to have occurred during episodic storm
events, such that the normal background pelagic and bottom current related sedimentation
g p y . ene ettol-UMS Y1D d
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was interrupted by a period of relative wave base lowering and offshore dispersion of
larger sediment sizes. Examples of beds like this are found at the tops of section 99-3,
along eastern portions of the 854 road south of the Kyffhysauer Farm gate, in the hills to
the north of the 854 road across from the Zebra River Lodge Gate, and along the old
("Death March") road above the Zebra River Lodge, just before the first steep decent
from the plateau.
Large-scale hummocky cross-stratification, mega-wave ripple cross-bedding, and
trough cross-bedding are all present. In the case of mega-wave ripples, amplitudes of up
to 10 cm are present and wavelengths can be greater than one meter. Paleo-oscillation
directions of 290 +10' are consistent with the elongation observed in the upper
biostrome marker unit of the Omkyk, and stromatolitic growths within the lower
Heterolithic, GameTrail, and top of the Lower Grainstone Unit. This indicates that
siliciclastic, as well as carbonate deposits were molded in the presence of strong
oscillatory flows generated by large, long-period ocean waves.
Parasequences of the Upper Grainstone
Individual parasequences were not recognized within the Upper Grainstone Unit
(Plates: 3.4; 3.6). There was little if any systematic vertical trend observed within the
carbonate deposits that intertongue with the shales of the Urikos Formation. Individual
massive trough cross bedded occurrences of grainstone are interbedded with shales.
These beds do not show evidence for a shoaling or any other signs that their presence and
origins may be related to some sort of cyclic set of recurring processes similar to those
invoked to have produced the other parasequences of the Hoogland.
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Stratigraphic Architecture
The Upper Grainstone in large part forms the HST of a depositional sequence that
has its base at the top of the LRRT parasequence in the underlying Breccia Unit. A
sequence boundary occurs near the top of the Upper Grainstone which separates thicker,
more massive, dominantly trough-cross stratified beds below from overlying hummocky
cross-stratified thinner bedded grainstones with shaley partings. The surface lacks
evidence for subaerial exposure but nonetheless represents a change from an HST
deposited under an either decreasing or relatively constant accommodation regime to an
early TST. A flooding surface (or Type III sequence boundary of Schlager, 1999) caps
the backstepping interval of grainstones and results in the juxtaposition of pure shale on
top of that last grainstone deposits of the Hoogland Member. These shales form the base
of the Urikos Member (Schwarzrand Subgroup) in this area. It is worth pointing out that
in the most updip localities a final, but thin, interval of grainstone occurs within the
Urikos Member, approximately 10 meters above the top of the Hoogland Member. This
further demonstrates the overall backstepping of the Upper Grainstone Unit, and
genetically must belong to the TST above the sequence boundary. It simply underscores
the regionally diachronous nature of the onlapping shale above the backstepping Kuibis
platform that was first recognized by Germs ( 1974; 1983; 1991) and refined by Smith
(1999). However, because it has such a small aerial distribution, it has been grouped with
the Urikos Member as seen in Germ's unpublished 1:50,000 scale maps for the area.
By the termination of Upper Grainstone Unit deposition there was a demonstrably
northward basinward thickening wedge of siliciclastic sediments into which medium
bedded wavy-topped tongues of grainstone extended. Outcrops to the north of the Neuras
farmhouse within siliciclastics of the Urikos shale, time the equivalent to final upper
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Grainstone deposition, preserve a shallow fine grained wave rippled sandstone facies that
preserves wrinkle structures representing former microbial mats (Noffke et. al.
Submitted). The basinal position of these shallow, storm-dominated siliclastic sediments
and temporal equivalency to the transgressive southward backstepping Upper Grainstione
unit of the Hoogland is taken as further evidence for the southern progradation of
siliclastic sediments derived from the Damara orogenic wedge.
In up-dip localities, such as at the headwall of the Fig Tree Grove canyon (Zebra
River Area), the sequence boundary is overlain by a progressively thicker interval of the
upper thinner-bedded portion so that eventually most of the thickness of the Upper
Grainstone Unit occursabove it. As expected, the HST portion of the Upper Grainstone
Unit extends over a greater lateral distance (further down dip) and does not exhibit as
rapid a rate of thinning down-dip when compared to the upper thinner bedded portions
(Plate 3.4). The backstepping which so apparent above this sequence boundary,
expressed not only by the thin-bedded grainstones of the Upper Grainstone Unit but also
the shales and final grainstone interval of the lower Urikos, is interpreted as the
manifestation of the cratonward-advance of the tectonic load formed by the evolving
Damara Orogen. In this sense it is exactly identical to the backstepping and flooding of
carbonate platforms seen in other foreland basins. The Taconic basin of eastern New
York State provides a superb example, as the Utica Shale can be shown through
correlation of graptolite zones to diachronously overstep the shallow water carbonates of
the Trenton Group (Bradley and Kusky, 1986).
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As in the most cratonic positions within the Taconic basin noted above (Bradley
and Kusky, 1986), a significant change in water depth between the carbonates (Hoogland
Member) and overlying clastics (Urikos Member) did not occur. While a final relative
sea level rise would have terminated Hoogland carbonate deposition, the significant and
eventually permanent shift to siliciclastic deposition is interpreted to relate more to the
increased siliclastic sediment flux than to any increase in depth associated with foreland
basin depression. Relatively shallow water depths during Schwarzrand deposition are
indicated by its intercalated sandstones, which are all indicative of continued deposition
above storm wave base and other microbially-induced sedimentary structures (Gerdes,
2000). They contain large scale hummocky cross-stratification, abundant wave ripples
and, in some of the shallowest parasequences, shallowed to water depths consistent with
upper shoreface positions as shown by the occurrence of thick, trough cross-bedded
sandstones up to 2 meters thick, as in the Niederhagen Member (Saylor et al., 1995a;
Saylor et al., 1995b).
The overall morphology and architecture of the Upper Grainstone Unit compared
to the Lower Grainstone Unit is considered to be indicative of the relative amounts of
accommodation available down-dip during their deposition. At the smaller scale, as
illustrated and discussed within the Lower Grainstone Unit, it was shown that the thinner,
yet more extensive tongue of grainstone extended further into the basin because the
accommodation was filled with shales. The underlying thicker bed that thins more
rapidly down dip (Plate 3.6.E-J) is interpreted as having prograded during a time when
there was more accommodation available, while the overlying thinner, yet more laterally
extensive bed was deposited after downdip accommodation was filled by shales of the
basal parasequence in the Breccia Unit. Both grainstone units are thinner and more
ii
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extensive in the late HST portions, than in the upper transgressive portions where they
thicken more rapidly.
The architecture of the entire Upper Grainstone Unit is directly analogous to these
two clinoforms within the Lower Grainstone Unit. The Upper Grainstone Unit extends
further into the basin than the Lower Grainstone Unit, and occurs after the basinward
filling of accommodation by the shales found at parasequence bases within the Breccia
Unit. This is another application of a similar class of processes that act across spatial and
temporal scales. In the Lower Grainstone Unit this phenomena is illustrated by only two
individual clinoforms, while in the Upper Grainstone Unit it is expressed by the entire
unit, representing a much longer time scale of deposition and length scale over which the
same temporally integrated physical processes acted.
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Upper Grainstone Internal Sequence Boundary: Potential Seismic
Response
The sequence boundary within the Upper Grainstone Unit constitutes a superb
example of the potential difficulties in its identification in subsurface seismic reflection
data. Since the surface within the Grainstone Unit occurs between rocks of very similar
lithology, and therefore similar physical properties, it would not present the strong
impedance (the product of seismic velocity and rock density) contrast necessary to create
a reflection at the interface (Sheriff, 1977). Such an impedance contrast would occur at
the top of the lithostratigraphic unit where it is overlain by the fine-grained siliclastic
sediments of the Schwarzrand Subgroup. Consequently, the associated seismic reflection
would delineate backstepping angles in a transgressive system tract, not the platform
morphology at the end of the highstand system tract (i.e., sequence boundary). At the
sub-seismic scale this reflector would be time-transgressive as it follows along the top
surfaces of downward-lapping and terminating grainstone clinoforms and therefore
cannot represent a true chronostratigraphic horizon (Tipper, 1983; 1993). Such
knowledge and illustration that perhaps upper parts of a seismically defined HST are
actually more thinner bedded and potentially more compartmentalized, could help define
and better parameterize the predicted porosity, permeability, and pathways presented in a
reservoir model.
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Global Significance of Terminal Proterozoic Storm-Dominated
Ramp
The Hoogland dataset constitutes one of the best-constrained models for a storm-
dominated carbonate ramp of any age. The high-resolution chronostratigraphy for the
approximately 30x30km area allows for precise determination of facies and parasequence
variability over this part of a storm dominated carbonate ramp. An interesting question
that can be asked of this high-resolution dataset is how the intensities of past storms -
represented by the storm deposits that in part form the Hoogland ramp - can be used to
help calibrate climate models for this critical interval in earth history. The severity of the
storms as preserved event beds can be an indicator of the past climates and the amount of
C02 in the atmosphere (Barron, 1989; Brandt and Elias, 1990; Emanuel, 1987; Knutson
et al., 1998). Viewed from this perspective, the Hoogland platform preserves an excellent
record of the climate within its event beds at a critical time in history when the earth must
have experienced a transition from the Neoproterozoic Icehouse world, possibly
involving equatorial ice cover, to the Greenhouse world of the Cambro-Ordovician (see
Evans, 2000) for comprehensive review of the "Neoproterozoic Climatic Paradox".)
The record of individual tempestite event bed thicknesses has been invoked as a
proxy for past levels of atmospheric C02. Brandt and Elias (1990) examined 84
occurrences of the maximum thicknesses of tempestite deposits from 'distal' clastic and
mixed siliciclastic carbonate marine shelves from the late Precambrian to Cenozoic to
show a rough correlation between maximum event bed thickness and inferred global
ape :'j r l gra yJ.Ch t 3 St ti h S DiBenedetto
greenhouse/icehouse climate state. Current numerical simulations (Knutson et al., 1998),
theoretical thermodynamic calculations (Emanuel, 1987; Emanuel, 1995) and empirical
(Emanuel, 2000) studies of recent individual hurricanes effectively show that maximum
hurricane intensity is dependent on the amount of atmospheric C02. Emanuel (2000)
indicates that an adequate proxy record of storm event severity over glacial interglacial
Milankovitch-band time scales is required to further advance this estimation of paleo-
atmospheric CO2 to test models of cyclone intensity as they relate to climate (Emanuel,
2001, in Review; pers. comm.).
To better understand and constrain the potential further application of tempestite
thickness as a climatic proxy (e.g., Brandt and Elias, 1990; Duringer, 1984) it is
necessary to know about the thickness and transition relations between the same
tempestite beds over a platform. Not only can the thicknesses of individual beds be
examined to see how an individual storm is preserved along the seafloor, but also the
parasequence-scale architecture will preserve within it a temporal record of storm
intensity at glacial-interglacial time scales. Tracing the transitions of sedimentary
structures within individual beds both along strike and dip sections can illustrate the
spatial influence and extents of individual storms on the seafloor.
Even considering the concerns of Barron (1989) who contends "that neither
simple latitudinal distinctions nor warm/cool climate distinctions are adequate to link
storm-related deposits to specific types of storms [hurricanes or severe winter storms]"
the Hoogland and its interpreted paleolatitude of 380 ± 40; (from Meert and Van der Voo,
(1996), as applied by Evans, (2000); also see: Kroner et al., 1980; Meert and Van der
Voo, 1997), can be used to demonstrate the record of varying storm intensity of whatever
severe meteorological event on a carbonate platform at extra tropical latitudes.
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The Neoproterozoic storm dominated succession analyzed and presented here can
be used as one datapoint on the global climate record preserved within the physical
sedimentology of carbonate platforms. This one brief interval of earth history preserved
within the rocks of southern Namibia does not solve any outstanding Neoproterozoic
climatic paradoxes (e.g. Evans, 2000) or directly demonstrate the influences of climate on
the stratigraphic record. However we can say with confidence that this ramp experienced
"relatively frequent", large storms preserved as the numerous breccia event horizons and
intraclastic conglomerate beds within parasequences. Yet, more importantly, the work
here documents the three-dimensional variability in thickness and sedimentologic
textures (facies) of storm-event beds. In turn, these observations may be applied to other
less well exposed carbonate platforms around the world in attempts of obtaining
appropriate proxies for the severity of the climate and therefore interpreted levels of
atmospheric C02 at other times in the history of the Earth.
The results of this thesis show that the thickness and lateral extents of both
individual tempestite beds and the parasequences they amalgamate to form, a potential
proxy of climatic C02 levels during deposition, varies as a function of the position within
an accommodation cycle or systems tract. Individual tempestite thickness is typically
found to increase upwards into the carbonate dominated tops of the parasequences. This
would be expected for a shallowing upward succession on a ramp profile. Any given
location on the ramp during a relative sealevel or accommodation decrease would
experience greater basal shear stresses and also a higher sediment influx as the zones of
increased carbonate production shift toward basinward positions.
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Hoogland Carbonates as Indicators of Icehouse to Transitional Climate
The Hoogland platform provides an example of a likely transitional climatic state
from the Cryogenian glacial "Snowball Earth" phase (e.g Hoffman et al., 1998; Evans
2000) to the Early Cambrian Greenhose. It has been empirically demonstrated, using
comprehensive statistical and comparative examination of normalized stratigraphic plots,
that stacking patterns within Phanerozoic carbonate parasequences vary according to
inferred climate regime (Lehrmann and Goldhammer, 1999). Read (1999) used field and
modeling studies to provide evidence for distinct trends in the parasequence architecture
of Phanerozoic carbonate ramps deposited in Icehouse, Greenhouse and Transitional
Climates. These studies collectively show that stacking patterns and individual internal
parasequence architecture varies depending on the amplitudes of the glacio-eustatic
sealevel fluctuations as related to the degree of continental glaciation. During icehouse
climates sea level fluctuations are greater than in greenhouse climes due to overall cooler
temperatures leading to a higher degree of continental glaciation from orbital variations
(Hays, 1976) which stores seawater on land in its solid phase. Koerschner and Read
(1989), and the ensuing chain of commentary (Kozar et al., 1990; Koerschner et al.,
1990; Hardie et al., 1991; Read et al., 1991) illustrate nicely the difference between
cycles formed in the Cambrian Greenhouse of the Appalachians and the Pleistocene to
Recent parasequences in the modern Bahama Bank. These authors have heatedly debated
some of those outstanding issues relating to peritidal carbonate cyclostratigraphy that
could be useful in the application of carbonate parasequences as climatic proxies.
The nature of the Hoogland as a storm dominated platform indicates that the
climate consisted of weather or meterological events that created sustained winds capable
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of producing swell that reached into depths believed to be greater than 50-75m. While
the lack of diagnostic water depth indicators hampers calculations of absolute sea level
fluctuations during the deposition of a parasequence, the thickness of the preserved
parasequences and the shoaling upward preserved in the facies and their sedimentology
point to accommodation variations consistent with Icehouse or Transitional conditions
(Read, 1999). The accommodation oscillation was great enough to place the shaley
based cycles of parasequences out of the influence of regular wave currents, while the
tops are tempestite caps that contain transported intraclastic conglomerates that grade into
hummocky or planar laminated caps. Significantly, however, the Hoogland
parasequences (and sequences) lack subaerial exposure surfaces indicating sea level
oscillation amplitudes were lower than expected for Icehouse conditions. On the balance,
the Hoogland platform is most consistent with a significantly storm-dominated,
climatically transitional setting.
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